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ENERGY FOR FIELD OPERATIONS IN DEVELOPING COUNTRIES

C.P. CROSSLEY
SILSOE COLLEGE, SILSOE, BEDFORD, U.K,

6/ 1. INTRUDUCTION

0il prices have risen from 2 dollars per barrel in 1972 to over

30 dollars per bsrrel in 1982/83, After edjusting for inflation the 1972
price would be equivalent to sbout 14 dollars in 1982, so it cen be seen
that prices have more than doubled in resl terms in ten years,(Figure 1}.-

Yhe effect of such a price incresse has been particularly severe in those
developing countries having no o0il supply sources of their own.
Agricultural production of cesh crops for export is very often sn
impnrtant source of foreign exchange for the purchase of fuel, snd in
many cases world prices of exported commodities have not increased
substantially over the same period. . Some countries are fortunate in
having 0il supply sources of their or, like Breszil, have agricultural
conditions suitable for the provisiph of large quantities of non fossil-
based fuel from commodities suger, sunflower seed and cassava.
Other countries however hav stively little opportunity for the
economic development of ernative fuel sources and will continue to

rely heavily on externsl supplies of fuel.
¥

Since agricultural production ie an important aspect of the economy of
most developing countries and usually involves a large proportion of the
population in subsistence or cash crop sgriculture, there is likely to be
s continuing need for engine powered mechanization in the egricultural
sector, using both large and small scale equipment. Iraditional hend and
animal power sources ovsrcome the fuel supply probles and should be the
preferred slternatives where they sre suitable, but due in part to the
limited powsr svailable from these sources it is neceseary to utilize
field mechinery in many situstiona. This paper identifies the steges of
energy use sssocisted with engine powsred field equipment, snd
investigates the possibilities for energy reduction within the various

steges. $

2. AN EXAMPLE OF THE SCOPE FOR ENERGY REDUCTION

from work carried out in eemi-erid conditions in Botswena it has been
established thet the use of four tines speced st 750 wm in 8 cultivation
technique lvown as precision strip tillage (PST) resulted in » total
draught requirement of 12.2 kN compared with 12.6 kN for 3 mouldboard
ploughs. Due to the incressed width of work the snargy required at the
jmplement in precision strip tillege wes reduced to 40.3 Ml/he

with 105 MJ/he using conventional 400 sm souldbostd ploughs (Willcocks,
19681). This illustretes the effect thet s chenge in cultivetion
practice cen have on energy requirements. For the purpose of this paper,
the above implement energy requirements were used to enabls predictions
of trector energy coneumption to be sede. Losses dus to wheel slip,
rolling resistance, transmission inefficiency snd turning time increseed
the predicted trector energy coneumption during cultivetion to 65 MW/he
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Source: World Development Report 1983, IBRD
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for PST and 169 MJ)/ha for mouldboard ploughing. The corresponding
predicted fusl consumptions were 6.39 1/hs and 16.2 1/ha respectively,
while the predicted rates of work were 1.28 h/ha and 3.21 h/ha. The
speed used in the calculstions (based on the dats from Botswans) was
0.9 m/a and only around one-third of the engine power of 8 50 kW tractor
would then be used. Depending on the cambination of torque and engine
speed selected by the operstor this mey give either better or worse
specific fuel consumption then is schieved at nesr ful]l power, but it
does not represent an efficient utilization of a high powered machine.
Changing the implement to five tines end running the trector at 1.8 m/s
gave & predicted rete of work of 0.51 h/ha and the predicted fuel
consumption fell to 5.1 1/ha, due to a more efficient torque/speed
combinstion. Ffor detsiled caslculstions see Appendix.

The sbove considerations indicate the complexity of the choices involved
in sttempting to reduce energy consumption. The verious steges of energy
use in a cultivation operation sre now examined. The procedure
described may also be spplied in principle to other field operations such
as crop husbandry or harvesting. Primary cultivation is ususlly the
single most energy-intensive operation however and is considered for that
resson.

3. STAGES OF ENERGY USE AND THE SCOPE FOR IMPROVEMENT

figure 2 shows the process by which energy in the form of fuel is used in
cultivation operstions to provide s required change in soil conditions,
and slso identifies seven main areas in which energy requirements could
be reduced. These are:

(1) To incresse the efficiency with which the engine uses fuel. This
is an engine design problem.

(11) To improve the engine operation efficiency, ie. endeavouring to
work at the lowest specific fuel coneumption availsble st the perticular
power demend. This is traditionally en operstor training/motivetion
problem, but recent advances in commercial vehicle trensmissions could
eventually provide aids to tractor operation.

(1i1) To improve the oversl] transmission efficiency. This is tsken to
include all steges between the engine flywheel and the wheels, and
involves problems of gear design and power sbeorption.

(iv) To reduce energy consumption in the ground drive system ceused by
rolling resistance and slip losses st the wheels.

{v) 1o reduce the energy requirement of the implement. This invaolves
detailed implement redesign to reduce apecific draught forces.

{vi) To reduc? the required mmount of soil disturbence. Hers thare are
opportunities for techniques such ss precision strip tillsge, minimum
or zero tillage, bed systems, etc.

(vii) Yo improve the efficiency of field cperstfion. Here the problem
comes from a combinstion of machine manegement end opersting conditions.
lt'includu sepects of tractor scheduling, trsnsport time and field
efficiency.

b
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figure 2. Scope for reducing energy requirements in field operations




The sbove seven aress are now exemined in more detail.

3.1 Engine Efficiency

A useful way to express engine efficiency is in terms of specific fuel
consumption (SFC) st full reted power. This epecifies fuel quantity
used (volume or mass) per unit of energy obtained (power multiplied by
time) and is conveniently expressed in 1/kWh. WMessures such ss higher
compression retios, improved combustion cheamber design, lower piston end
besring friction loeses, higher opersting temperatures through the ues of
new meterisls, multi-valve heads and other techniques can contribute
small but messursble gaine in economy with sperk ignition end/or
campression ignition engines s sppropriste, (King, 1983). For engines
not opersting st full reted power the sslection of optimum pert loed
specific fuel coneumption probebly affords more opportunity for improved
economy, es described in section }.2.

Even 8 well designed engine can consume excess fuel if it is not
meintsined in optimum condition during its working life. Dynamometer
tests carried out by ADAS in Yales showed specific fuesl conmmptions
varying over s period of three years by ss much as 14% grester then the
standerd OECD test result. Power outputs aleo varied considerebly, being
affected mainly by the condition and scourscy of adjustment of the fuel
injection system (ADAS/MOAD, 1983). In meny developing countries the
level of operstor skill, saintenance procedures and spares back-up is
usually less than ideal, ell of which will tend to reduce engine
efficiency.

3,2__Engine Uperetion

Power from an engine is cbtasined from the product of torque end rotsry
speed. From cansiderstion of en engine fusl conmumption wep (Figurs 3),
it is evident that the decisions of the aperstor cen have s very
significant effect on the amount of fusl conmumed et & given power level.
At point A on the mep (full rated speed, full reted torque) specific fusl
consumption is 8 constant st sbout 0.29 1/idh. At half powsr however
there is a chaice. Point C (full reted speed, half rated torque) gives
on SFC of 0.334 wheress point F (half reted speed, full reted torque)
produces a lower SFC of 0.280 end point H (62% reted speed, 80% rated
torque) is even lower st 0.267 1/idhh,

With 25 iW of power being used (in a 50 i engine), operation et points C
and N would congume 8.35 1/h and 6.67 1/h respectively, affording e
potential reduction of 20% in fuel coneumed. Curremt sechiney design
leaves the selection of the speed/torque combinetion to the operstor, who
is advised to run in the highest prectioshle gesr in order to reduce
engine speed, Assistance ie provided by one trsctoe asnufacturer in the

operst

Work st the Eest of Scotland College of Agriculture hes suggested thet
oxhsust ges volume messuremsnt should also be incorporsted to isprove the
derived epecific fusl conaumption dete (Witney et a1, 1983).

Possibilities enist in the longer tere for o more sutametic control of
the torque/epeed cembinstion. Comtinuously verisble trenemissiors (CVY)
sre under development by s mmber of moter vehicle msnufacturers.
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Varisble vee belt arrangesents have existed for meny years. Development
is also currently taking place at Leyland Vehicles of a design based on
the Perbury inclined roller srrengement. Control is by microprocessor,
enabling a complete sutomatic transmission systes to be schieved st high
efficiency (Engineering, 1983). With s microprocessor programmed with
the specific fuel consumption mep of a trector engine, thers mey be
possibilities for controlling trsnsmission rstios and engine apeed to
provide the required levels of power for field operations at constant
forward speed and at the optimum torque/speed rastio for good fuel
consumpt ion.

3.3 Transmission Efficiency

A tractor fitted with drive tyres of dismster 1.5 metres will typically
heve a meximum forward epeed in bottom gesr of 0.72 m/s. This requires
a wheel rotation speed of 9.2 revs/min, whereas the meximum engine speed
will be sbout 2200 revs/min. The total reduction required in the
transmission system is therefore nesrly 240:1. This reduction will
usually be schieved in not less then four stages, ssch having its own
inefficiency. Nevertheless, the efficiency of individual gesr sets is
high, 80 the total losses will not usually amount to more then a fow
percent, meking the scope for improvement very limited. Hydrodynamic

snd hydrostetic trsnemission systeme sre significently less efficient but
sre not ususlly found in tractors except for specialized spplicstions.

3.4 Ground Orive Losses

Losses occur when a drive wheel is used in sgricultural scils to provide
tractive effort. The losses comprise rolling resistanceand slip. In s
given soil, rolling resistence decreeses with incressing tyre dimmeter
and s0 doss slip, but while incressed weight generally reduces slip it
will tend to incresse rolling resistence. Ffor maximum economy it is
necessary to operate st the maximum trective efficiency, which typicelly
occurs st sround 12-15K% slip for s conventiomsl tractor (see Figure 4).
from work performed by members of the NIAE Tyre Study Group, ADAS hes
provided s quide to farsers, relating engine power, P, forwerd speed, S,
and wheel loading, W, by the formule

" = 1.6°P
S

thox
oS
555
¥ 3

It is shown thet by fitting 23.1-26 tyres loeded to 2.54 tonnes ineteed
of 13.6-38 tyres loaded to 1.52 tonnes, en incresss in wotk rete of up to
14X cen be achieved with a typicel trsctor (ADAS, 1983).

Conaidersble scope therefore exists for improving fuel sconomy by working
at values of slip which sooord with macism trective efficiency, and by
reducing rolling resistance the use of lergst tyres ruwing st
the optimum inflation pressure. Towed whesls are often responsible for
high levels of rolling resistance, particulerly when equipment such ae
trailers and combine harvestsrs are fitted with emsll diemeter, high
pressure tyres (Gee-Glough, 1980). Larger tyres cen be run at lowr
inflation peessure, leading to lower ground preesures and lees risk of

ke g
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soil demage. Vork is in progress at various centres on the development
of sutomatic on-the-move adjustment of tractor tyre pressures.

Where implement draught forces are not provided by direct traction the
amount of slip and rolling resistence sssocisted with smell, lightly
loaded wheels cen be reduced significantly, improving fuel efficiency.
This is particularly the case with small scsle equipment, and the
development of two winch-based trectors is described in section & of

this paper.

3.5 Ilmplement Oraught Forces

Work carried out by Spoor and Godwin has shown that the sddition of
inclined wings to a subsoiler tine together with shallow leading tines
significantly incresses the degree of soil disturbence, particularly st
depth, and reduces the specific draught, (Spoor snd Godwin, 1978).

Ploughing st higher speeds is an effective way of utilizing high tractar
power without the need for high drewber pulls (since drawber power equsls
drewber pull multiplied by forward speed). However, the draught of a
conventional mouldboard plough incresses with speed, reducing the
sdvantages of high speed ploughing. The development of a high speed
mouldboard plough which requireaa draught force similar to conventional
ploughs is an ares being investigated in a number of centres. Other
problems alec essocisted with high speed ploughing are those of tractor
ride end implement control system response.

3.6 Soil Disturbence Reduction

Reference was xede in section 2 to the work of Willcocks in Botswana,
where precision strip tillage using tines st 750 sm spacing reduced the
energy requirements per hectsre compared with conventional mouldboerd
ploughing by s factor of 2.6. In suitsble semi-humid conditions in
tropicsl aress, possibilities exist for zero-tillege techniques based on
herbicide spraysrs and rolling jab plenters. The energy requirement for
field operstions is said to be reduced from 300 M)/he for corwentional
cultivation operstions to 35 M)/ha (Wi jewerdens, 1978). The use of wide
bed systems st 1.5 metre specing in conjunction with animel drawn
toolbers has been develaoped st ICRISAT in India and shows useful
r«_'l:):uom in energy coneumption for field operstions (Binewenger et al,
1979).

The technique of ridge cultivetion precticed in a number of develaping
countries also fits the pattern of concentreting cultivation operations
in the vicinity of the crop. Disturbing the bottom of the old furrow
with e tine prior to splitting the adjecent ridges onto it provides
uvesful sail depth for the new ridgs by mechenical msens (Figure 5).
Cultivetion then comprises two operstions at ore metre epecing instead
of close epaced tillege followed by ridging (Croseley and Kilgour, 1978).

3,1 __Ef1§ F

A certein proportion of the energy coneumed in relation to field
aoperstions is not ueed directly in disturbing the soil. Previous
sections of this paper have identified sress of energy loss during ectusl
soi]l cultivetion. Further loseses occur during sssociasted activities such
88 tuming, headland trevel and trensport to and from the field. The use
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of a reversible plough (mouldboard or disc), or tines will substantially
reduce the need for hesdland travel. Ilmplements arrenged in gangs one
behind the other will reduce the number of passes required for a series
of low drasught operstions, and hence will reduce fusl coneumption.

Indifferent scheduling of tractor operstions, particularly in tractor
hire schewss, cen incresse the amount of travel sesociasted with sach
cultivaetion sctivity. Low standards of operator training will tend to
iesd to inefficient field operstions with consequent increeses in fuel
consumption. Tractors maintaired in poor condition will also not operste
efficiently. Small snd irregularly shsped fislds increase the smount of
lost trevel. All these factors are typical of operstion at the
smallholder level in developing countries and help to sccount for the
very high costs per unit ares associsted with almost all tractor hire
schemss in thees conditions.

Other fectors contributing to high costs are the high speres snd repairs
costs consequent upon aperstion in difficult conditions under poor
saintenence regimes; low rates of work dus to operation st low drawbar
powers (going too slowly with too small an implement); snd low
aveilsbility of trectors becsuse of delays in obtaining spare parts
required sfter breskdown (Mdee, 1983). These factors do not increase
direct energy costs but any reduction in effective use or sveilsbility of
an expensive sachine will result in incressed indirect costs in that msore
machines sre required to perform e given set of tasks. However, the
onergy costs sesociated with the manufacture snd supply of mechinery,
chemicale snd other inputs ere not within the scope of this paper.

..M TRACTORS FOR OPING COUNTRIES

An increase in agricultursl productivity in develaping countries is vital,
snd, becsuse in the majority of countriss the smellholder sector is
dominent, it is this sector which requires the mejor offort. Improving
smell farm yields is certainly fesaible but this requires s package of
inputs such ss sseds, fertilizers, msanegement and mechanizstion, of which
mechanization is ane of the mest challenging.

Smallholder conditions are such thet lerge, corwentional tractors cennot
work effectively, dus to such factors es ssall field size, difficult
accese, fisld obetructione, scattered holdinge and limited speree/esrvice
infrastructure. Thersfore it hes been considered necessary to sttempt to
develop specisl small tractors which can work effectively in these
conditions, can be mede locally, ste simple to operste and repair snd can
be ovned by the individual fermer.

Yet, of the large mumber of prototypes and limited production emell
tractors which have been developed over the years, only a tiny herdful
hes mede any real progress and none can reslly be regerdsd se 8 success
story. A major resson is thet compraomises between the conflicting
requiremsnts of pecformence, durebility end cost have resulted in
trectors which, although fairly cheap, have poor tractive ability, a low
rate of work, very high fusl consumption per unit eres end sn effective
component 1ife which is often messured in hundrede of hours rather then
in thousends.

Section 3.4 of this peper cutlined the losses incurred in norwal tractor
operstion due to rolling resistance end slip. When perforeing

I
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s cultivetion operastions in herd soil such as is encountered in the dry
i season in meny developing countries, it is found thst meny small tractors
: experience high levels of wheel slip, pesrticularly when surfece
conditions are poor due to high trssh levels, or where surface layers are
loose after harvesting or slippery following early reins. Velues of fuel
consumption of three times those sxperienced with conventionsl tractors
have been recorded with some small tractors used in these conditione
(Crossley and Kilgour, 1978).
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Two smell-scale winch besed machines have been developed at Silsce Collega
The SNAIL is @ two wheeled mechine while the SPIDER is a feirly smell,
four wheeled, ride-on mechine having s diesel engine, good ground
clearance and # transport plstform. The SPIDER cen carry out secondary
cultivetion end transport cperstions like s normel small trsctor.

However, to achieve the high pulls required for primery cultivation both
machines maie use of the winch principle, using s separate implement which
is controlled by e second operstor. The mechine is driven forward while
the cable runs out and then, when the winch is engeged end while a self
operating anchor prevents the machine from sliding baciwerds, the
implement is drewn towards the tractor on ite cable. Upon the implement
reaching the tractor the cycle is repeated. (Figures 6 snd 7).

* gy T T gy

The mode of operastion is very unconventional but there are special
ressons why it is desirsble. First it provides a high drawbar pull (in
the range 5-8 IN depending on the engine power), from a fairly smell
light mechine. Second, it does so very efficiently compared with a
normal smell trector, so that fuel consumption per unit ares is similar
to that of large, conventional tractors (around 20 litres per hectare)
instead of es much ss 60-70 litres per hectsre with some small tractors.
Third, becsuse it is not used for direct traction for high draught .
operstions, components such ss the tyres are relstively smell and not s ,
expensive s those on a smell tractor of equivelent performence. -

T ke ey e

Two prototype SNAIL machines were tested in Melewi in 1975 and 1976
(Crossley and Kilgour, 1978). A prototype SPIOER machine has aleo been
tested in Tenzenia (Crossley and Kilgour, 1983). It has been concluded
thet using the winch principle it is possible to produce mechines which
sre technicelly sstisfectory for operstion in the smsll farm sector of
developing countries and which utilize fuel more efficiently then existing
smel] tractors.
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Eig J. Prototyps SPIDER machine nearing completion
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6. APPDNDIX
7 + T

Individual width 400 em. Total width 1200 mm.
Individual pull 4.2 kKN. Total pull 12.6 IN. Speed 0.9 a/s.

Slip 19. Transmission efficiency D.94.
Rolling resistance 2.5 WN. Engine power used s (12.6 0(2;;) x ,:{
M x .

From mep is 0,337 1/wh,

fate of work is 1.08 at/s, ie. 2.57 W,
fusl ueed is 0.337 x 17 x 2.57 = 14.75 1/,
Tumning tine is 295, {e.

0.64 h/he,
A 108 power and 0.408 1/ fuel veed in turning is 1.56 1/he. ..

is
13.6-38 loaded to 2740 kg total. Cosfficient of traction 0.47.
laplement enowgy during cultivetion 11.34 x 2,57 x 3.6, ie. 105 M/he.
Trackor enovgys during cultivetion 17 x 2.57 x 3.6 fe. 157,84 W)/ ey
dueing turndng 9 x 0.64 x 3.6 fo. 11.57 Wi/he; total 168.97 W)/ a.
Propertion of implessnt energy to tractor energy 0.62.
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6.2 larqge Tractor + four fines

Individual width 750 mm. Total width 3000 sm.

Individusl pull %.025 kN. fotal pull 12.1 &kN. Speed 0.9 m/s.

Implement power 10.89 kW,

Slip 14X, Trensaission efficiency 0.94.

Rolling resistance 2.5 kN. Engine power used is (12.1 « 2.5) 0.9/ :
(0.86 x 0.94) :

ie. 16.25 kW,

Maximum engine power 50 kW, Proportion of power used .325.

At 85% speed, torque used is 104, ;

From map SFC is 0.345 1/kWh, E

Rste of work is 2.7 m2/s, ie. 1.029 h/hs.

Fuel used is 0.345 x 16.25 x 1,029 = 5.77 1/ha.

Turning time is 25%, ie. 0.257 h/ha.

At 10% power and 0,488 1/kWh fuel used in turning is 0.627 1/ha. ..

totsl fuel used is 6.39 1/ha.

Total time is 1.286 h/ha.

Tyres 13,6-38 loaded to 2740 kg total. Coefficient of traction 0.45.

Implement energy during cultivation 10.R% x 1.029 x 3.6, ie. 40.34 M)/ha.

Trector energy: during cultivetion 16.25 x 1.029 x 3.6 ie. 60.196 Ml/he;

during turning 5 x 0.257 x 3.6 ie. 4.626 M}/he; totsl 64.822 MWi/ha.

Proportion of implement energy to tractor energy 0.62.

6.3 Large Tractor + Five Tines (high speed)

Individusl width 750 mm. Total width 3750 mm.

Individual pull 3.025 kN. Totsl pull 15.125 kN. Speed 1.8 m/s.

imgisment power 27.22 kW, )

Slip 20X. Tranemission efficiency 0.9a.

Rolling resistance 2.7 iN. Engine power used is (15.125 + 2.7) 1.3{
(0.9 x 0.94

e b

ie. 42.7 WM,

Maximum engine power 50 kW. Proportion of power used 0.85.

At 85% speed, torque used is 100%. ‘

from map SFC is .279 1/kWh.

Rate of work is 6.75 mZ/s, ie. 0.411 hha.

fuel used is 82,7 x .279 x .411 =z 4.9 1/ha.

Turning time is 25%, ie. .102 hW/ha.

At 10% power and 0.488 1/kWh fuel used in turning is 0.251 1/he. ..
total fusl used is 5.15 1/he.

Total time is 0.513 h/he.

Tyres 13.6-38 loeded to 3000 kg total. Coefficient of trection 0.51.
Inplement energy during cultivation 27.22 x 0.411 x 3.6, ie. 40.27 M)/ha.
Tractor energy: during cultivetion 42.7 x 411 x 3.6, ie. 63.17 MW)/ha;
during turning 5 x .102 x 3.6, ie. 1.836 M)/ha; total 65 M)/ha.
Proportion of implement energy to tractor energy 0.62.
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COMPUTER MODELS TO PREDICT THE PERFORMANCE OF AGRICULTURAL TRACTORS ON
MEAVY DRALGHT OPERMITONS

nJ
mmammmm SILSCE, ENGLAND.

l o
4!tnﬂdhdhd1twwdmummuohmm
cmputer modsls to campare the perforwmance of different machines. Such
sodels are already widsly aveilable to prospective purchessrs of military
vehicles. The main difficulty in developing similar models for agricul-
tural vel icles is the wids veriety of cperations which are carried out an
fayms. One important area, however, sheare such models can be dsvelopsd
are for hsavy draught operations such as ploughing, cultiveting, sub-

soiling etc. This paper describes modals of varying complexity which can
be used to predict the power output or workrate of a tractor on such opera-
tions. The simpler models need only a programmble calculator, but the
move “user-friendly” versions would reguire a microcamputer. The
programs can be used to campare the workrates of tractors of differant
design and these results can than be used in linsar programs of the general
farm saragemant system to determine the effects on overall profitsbility.

A

Introduction

The British agricultural industry spands approximately £250M per year on

new tractors. The cost of opsysting all the tractors working on British

farms is probably sbout four times this figure. Simdilar statistics would
undoubtedly apply to other dsveloped countries of similar sise. Tharefore,
in temms of national economics it is worthuhile devoting some effiort to ‘
enauring that, as far as possible, the agricultural industry has available }
to it the most appropriate wehicles and that they are opsrated as effic- :
iantly as possible.

To the individoal faxmer the importance of selecting the right vehicle is
oven move critical. HNis choice say affect his profitability for tie

following two or three years. Similarly, the efficiency with vhich he
cperates his vehicles can have a crucial effect on his income. Delays '
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in cultivating land and sowing crops beyond the optimm time, or inability
to spply fertiliser or herbicides at the appropriats stage can easily
reduce the value of a crop by several thousands of pounds.

Clearly, therefore, there are benefits to be had from meking available to
farmers and their advisers data which will enable them to make the right
choice of vehicles for their particular situation. Engineering data on
tractors have been available from indspendent sources for many years. The
first was the University of Nebraska in UBA'Y, followed by the oad!? in
Burope. Tractor test reports from both of these sources now circulate
worldwide. However, they are dssigned primarily to provide reproducible
enginesring data, which cannot, therefors, be applied directly to predict
fisld parformance. Drabar psrformence, for exasple, is measured on a
concrete or tarmscedsm surface of specified characteristics, rather than
on a field surface, vhich could cbwiously not be reproduced exactly for a

abssquant test or in another camtry.

The original aims of these test procedures were to help to eliminate from
the sarket poor quality products and to provide prospactive ourchasers

with an unbiased comparison betwesn different msmufacturers’ products.

Some elemant of this remains, but normal commrcial pressures have very
largely removed msnufacturers of low quality vehicles fram the scene and
considersbly narrowed the differences between the products of the major
manufacturers. On the other hand the range of models produced by each
mamufacturer has expanded greatly in recant years. A very wide range of
power levels is available, two or fouxr-wheel drive cn most models, usually
a choice of transmissions and a host of other options. Therefore, even
though a user may quite justifiably make his choice of marmufacturer based
on the service he receives from his local dealer, he is still in need of
apert indepandent advice an the most suitable model to choose for his

particular requiremants.

Data from official test reports are still a valusble starting point in
asssssing the relative merits of different tractors. Howsver, more cbjec-
tive technigues than reliance on judguent and experience are necessary if
these data are to be ussd to the grestest bsnefit of the user and ulti-
mataly ths cosmmmity.




‘hen sesking computer models to aid the sslection and use of agricultural

vahicles it is natural to look at wvhat has bsen done in a similar wey for

military wehicles. PRor some yesrs there have besn available to prospec~

tive tayers of military wehicles computer modsls which cen be used to com=
pare the specificetion of campetitive vehicles3*4'3)  1¢ would clearly
be attractive to have scomething similar available to prospsctive buyers of
agricultural wghicles.

Scope of the models

Refore devising an appropriste modsl the first essential is to defing the
vahicle mission and the criterion which will be used to compare performance.
For a military or transport wvehicls this is usually fairly straightforward.
M ares of approprists terrain can be chosen from suitable maps or by sur-
veys and the tims taksn for a vehicle to trevel betwesn two sslectsd points
can be computed, with a pre-set limitation on the saximm vibration level
permitted to be tranmmittad to the driver. It is mxch more difficult to
deviss a repressntative aission for an agricultural vehicls.

Although agricultural tractors are designed primerily for oarrying out
hesvy draught opsrations, the majority probebly spend less than half their
working hours on such tasks. A typical tractor probsbly carriss cut more
then a dosen different cperstions in a year. PFor some of these, such as
mb-soiling, ploughing, cultiveting, harrowing and drilling, workrate may
be limited by tractive performance. For others, such as transporting,
spraying, fertilissr distribution and mowing, workrate may be limited by
driver camfort. Nowewver, for mmy others, swch as planting, harvesting
and baling, workrate will be dstexxined by the limitations of the machine
being used in conjunction with the tractor rather than by the performance
of the tractor itself. It mmy, therefore, be impracticsble to realise the
idsal of simulating ths vivle anmaml cycls of farming cpersticns caxried
out by one tractor.

M altermative approach is to consider the traction-limited tasks and the
ariver-confort-limited tasks sspasately. Other pspers at this conference
deal with sodels for predicting the effects of vehicle design on driver com-
m“"’. This paper is restrictsd to performance on heavy demght opere-
tions, where traction is likely to be the limiting factor.

|
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As model for drawbar

The minimmm tractor data required for prediction of drawbar power are the
engine torque-speed relationship, the tranmmission efficiency, the ratiocs
of the driving wheel speeds to the engine speed in each gear, the weight
on each axle and the tyre dimensions. These can be found in an official
test report or the manufacturer's specification and the tyre mamufacturer's
data book. The field conditions must be defined by the average cone
penetrameter resistance measured through the top 250 mm depth of soil.

Tyre performance is determined either from the empirical relationships
Wwwmwmmmmm or from the following derived
by Gee~Clough in uk!?.

" e 7 <___1_b_) ceee (D

1+2d
Cem R - 0.009+0.287 ceens (2)
Cloax * "%u;_ some-om . 3
k(G g, = 4-838 ¢ 0.061 M ceeee ()
s

CT = % s (C‘r)m (1 -e ) eeses (5)

vhere M = mobility mmber

average cone panstramster!10) resistance
through the top 250 mm of the soil surface

=  tyre width

=  tyre diamster

= wvertical losd on the tyre

= tyre deflection

= tyre section haight
cosfficiant of rolling resistance
= rolling resistance

(er- = meximm cosfficient of traction
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'rm = maximm thrust

3 = a constant

cl. = coefficient of traction
T = thrust

s = slip

These equations may be used to calculate the rolling resistance of the
vheels and the thrust available from the driving wheels as s function of
slip. The drasbar pull, D, is than the difference

D = T (driving wsels) ~ R (undriven wheels) cseas (6)
The torque, Q, required at the driving wheels is

Q= (T (&riving whesls) + R (drivinc wheels)] r  ..... ()

where r = yolling radius of the driving wheels
uﬂmnplt.pu-r.vi,rqm:dh

P w = eeess (8)
r
where « = rotational speed of driving wheels
and V = theoretical forward speed without slip

Therefore, P1 = (T + RV ceese (9)

The corresponding cutput power, pou

Po‘ DV“ -.) sseas (10,
The prablem therefore, nmtummmdvomumh
mmmummmmmmmdri.

It is now necessary to distinguish between two possible situstions. In
the higher gesrs cutput powsr will be limited by the engise power available,
whereas in the lower Qears output power will be limited by slip. PFor each
gear, therefore, the maximm output powsr possible with either of thees
limjtations must be calculated and the lower of the two is ths actusl wexi-
mm power available in that gear.
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The calculation of engine~-limited maximm power is very straightforvard.
The engine torque at maximm power is multiplied by the transmission effic-
iency and the appropriate gear ratio to find the tosgue svailsble at the
driving whesls. ‘This torque is divided by the rolling radivs and the
total rolling resistance is subtracted to £ind the drasbar pull, D.

The engine spesd at maximm power is divided by the gear ratio to give the
rotational spesd of the driving whesls and this is maltiplied by the roll-
ing radius to give the no-slip forward speed, V.

Tha thrust from the driving vhesls is calculated fram the dombar pull plus
the rolling resistance of the undriven wheels, equation 6, and the slip,
s, is calculated from equation 5. In doing this it is necessary to take
account of the weight transfer from the fromt axle to the rear axle dus to
the torque required to overoome the rolling vesistance of the driving
siesls. It msy be assumed that the rolling resistance of the undriven
whsels, the thrust from the driving wieels and the ismplemsnt draught force
all act in the ssms horiaontal plane and do not, therefore, affect the
waight distrilution betwasn the axles.

‘BQMmﬂnxurm.I., is given by

't - 'b’j?

\t-nll- = gtatic weight on rear whesls

°o s tompe required to overooms the rolling resistance of
the driving vhesls

1 = tractor vheslbage
for & two-imel drive tractor
“w - 5,011,03.).{ cesne (11)

~CC-)' = cosfficiet of rolling resistance of vear vihwsls
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For a four—-wiwel drive tractor

Woe Wyt ["n‘cm)n R "r‘cn’r]{ ..... (12)

where tl,, = wpight on front whesls
and (Cm),- cosfficient of rolling resistance of the front wheels

Shlxl’. -'-"R

vhare W = total weight of the tractor
qutmnybnlmdﬁntﬂnuﬂlr.

ummnmcm.'&umummswm
the slip, s.

The true forward speed is then

vl - 8)
-nl’oucnlmlndﬁ.umto.

If the tractor is four-wheel drive, there will bs two equmtioms 5, one for
each axle. An itexstive proosdure will then be necessary to find the
slip, which will normmlly be the ssme, or be in scme fined relatiomship
for the two axles.

The caloulation of maximm slip-limited power is slightly move camplicated.
Coaining eguations S, § and 10, for & two-vieel drive treotor,

L/

. ° ll.n,)-' “_.-b’_"c.]v"_.) cesee (19)

Mm’o,’ = 0

=
sk - k™) . G Y G e (W)

ks

Y (Cp) e (@




; For a foxr-whesl drive tractor

Po " [("“;r’-x " - .-ks')a ¢ (' Q) - -'k'i),. Vit-»

MQO-O
K-}

(u O gy (0% ¢ ka-k'-kn-k‘))k
¢(u (Cp) e (% + k™ - k..“")), . (u .c'"-')n .(u ‘C‘J"")r .. 015)

Thess euations can be solved for s. The thrust at the driving wheels,
T, may be calculated from eguation 5 and the torque at the driving wheels,
Q, from equation 7. This may then be divided by the gear ratio and the
tranmmission efficiency to give the engins torque and the engine spesd can
be read from the engine torque~spesd relationship.

T R g T Wl © e T g TR

T™he engine speed can be dividad by the gear ratio to give the rotational
speed of the driving wheels and multiplisd by the rolling radius to give
the no-slip forvard speed, V. The output power, P, can then be calcul-
ated from equation 13.

e,

This model is simple encugh to be run on a ssall programsble calculator,
but can be quite effective in, for example, camparing two and four-whesl
drive or showing the effects on dradar power cutput of changing parsmstars
axh as tyre size, ballasting or gesr ratics. The model can be made essier
to use by storing data on tyre dimsnsions and typical tyre sises, spead-
torque relaticnships, transmission efficiencies, gear ratios and weight
distributions related to maximm engine power. Same of these valuss can
then be used by default vhen the effects of changing others is being
investigatsd. Ths amount of storage space required would pecbebly then
necessitats a micro-computer, however. This also ensbles a "user-friendly”
program to be written vhich prompts the user for the appropriate data.
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A mode) for tractor workrate on

The model described above predicts dradar powsr. To convert this to
workrats requires some knowledge of the relationship betwesn draught force
and working width. The simplest approach is marely to assume 2 linear
relationship s0 that &rmdar power can be conwvertad directly to workrate
in, for emmple, hactares per hour. This will give a “spot” rate of work,
vhich could then bs multiplied by a field efficiency factor dspending on
the sise and shape of the field to Getermine true rate of work, allowing
for tuming and stoppages.

In practice, however, this modification does nothing more than convert
the dimensions of ths cutput to a form vhich may be more msaningful to a
farmer. Por exsmple, the model might give the maximm power ocutputs of
two tractors as 45 and 50 XM respectively and one could merely maltiply
thess by a typical figure for mouldboard ploughing such as 0.025 (ha/h) /X
to give 1.125 and 1.25 ha/h respectively. This would not alter the com-
parison, but might be more easily undarstood by a farmer.

In practice, howevar, the widths of implemsnts are not comtinuously veri-
able. They can only be changed in increments, by adding or removing
bodiss or tines, for ewmmple. Also, changing the width of the implemsnt
will alter its wight and, therefore, the weight on the driving wheels of
the tractor. To take acoount of this, the model input must include the
ninimm vidth of implemsnt to be considered, the incremmnts of increase in
width, the coxresponding weights and positions of the cantre of gravity
behind the hitch points, the horisontal snd vertical componants of soil
force per incremant of width and the distances of the point of sppliocstion
of the resultant of the vertical components of soil force bshind the hitch
points.

The method of caloulstion, for each gusr retio, starts with the minimm
wvidh of implemmnt. The corvesponding weight of the implemsnt, position
of centre of grewvity, vertical component of soil foroe and position of the
point of sgplication of the wextical component of soll foroe are used o
caloulats the weights on the axles of the tractor. These mst be chackhed
againet the maximm values pusmitted by the tractor and tyre manufacturers.
Epstion 1 is used to calculate the mbility mabers of the vhesls and

‘-W‘ A ) w_‘u,w - ‘L\W P




eguations 2, 3 and 4 t0 calculate the rolling resistances, (C,)-‘mdk
valuss.

For two~ehesl drive tractors the rolling resistance of the undriven wheels
is added to the implement draught force to determine the total thrust, T,
required from the driving whesls. Bpustion 5 is used to ensure that the
neceseary thrust can bs produced and, if so, to calculate the slip, s.
The torque required at the driving whesls, Q, is calculated from eguation
7 and divided by the gear ratio and transmission efficiency to give the
engine torque required. This is then chacked againgt the torque available
from the engine and the engine spead is read from the torque-spesd rela-
tionship. This spesd divided by the gear ratio and multiplied by the
rolling radius gives the theoretical forward spesd, which, when multiplied
by (1 - s) gives the trus forvard spesd. Vorkrats is then the trus for-
ward speed miltiplied by the implemsnt width. This proocsdure is repaated
vith increasing incremants of implement width until scme limiting factor
is reached, such as overloading of an axle, 1008 slip or engins stall.

For four-hesl drive tractors, the total thrust equals the implemsnt
draught, but ths distribution of the thrust bstwesn the axles and the cox-
responding slip must be determined by an iterative process using equation
5. Othmwiss the msthod of calculation is the ssms as for two-whesl
drive.

This model is a closer simulation of the real field situation and, baceuse
the changes in draught force are incremsntal, it is more useful for comper-
ing ths effects of changes in gear ratics and specing. Also, taking
acoomt of implemant weight and its effect on weight distribution will show
up Ay limitations on the sise of implement necssseaxy to ensble full power
to bs utilised in a particular gear.

‘S modsl is probably adequate for most comparisons which one would vant to
mals betvesn tractors. Its main limitations, however, are in its vexy
simplified similation of the implement charactaristics. It would not,
thevefore, be suitable for studying the effects of implemsnt design on
tractor performancs.

U p—
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A more ommplex model for predicting tractor workrate on heavy draught

operations

The main limitation of the simple modsl described above is that it does
not take account of the effect of forward spsed on the soil forces on the
implement. Including this in the analysis complicates the calculations,
but extends the scope of the modsl to studying the tractor-implement inter-
action nmore effectively.

mdtctotqudmﬂumtmofwmmm
for many years, mblybymryndtm"" u\dm"”. More recently

i 3’wmmmm,ummymby

Krastin » to develop the following eguation for the specific draught of
a plough,
= -13.3v¢03.06ﬂq3
vhere a = plough dapth
w = plough width
y = soil danaity
and g = gravitational constant

wm«n"s"" fomnd better agresmant with experimsntal
pasuits by using cone panetrometer reaistance in the first term of this
equation and introducing the plough mouldboard tail angle, ¢, in the second
tazm, to take acoount of different plough body shapes.

-&- ] &c.leﬂ pg—g’
MK‘MKZ s epirical constants

The Ameriomn Society of Agricultural Engineers' Agricultural Machinery
mm""mwmdmwmuam
of soil types whiich are all of the foem
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D = Aonvztampm
-
and D = C + DV for chisel ploughs and cultivators
svhare A, B, C and D are empirical factors. Typical valuss for 4ifferent
North Americen soil types are as followe:

20-70 Kav/m?

0.13-0.49 (N/m?) / an/m) 2

0.48-0.527 KN/tine at 82.6 mn depth
0.0361-0.0492 (KN/tine)/(w/h) at 82.6 mm depth

o 0O o >

In general, greater dspths of cultivation and higher valuss of draught
force would be encountered in Burope.

Far less data exist on the effect of speed on the vertical soil forces on
implements. For mouldboard ploughs this can probably be ignored for most
purroses since, in gensral, vertical soil forces are small amywvay. The
upward forcss on the ocoulter and landside generally approximately balance
the downmard foross on the mouldboard, so that the net wertical force
applied to the tractor from the plough is normally close to the weight of
the plough alone. Tharefore, any variations due to speed are likely to
bs negligible.

For tined implements such as subsoilars, chissl ploughs and cultivators,
ths vertical force is normally approximatsly a fiwned proportion of the
draught force, dspendant on the tine rake angle. It will, therefore, vary
with spesd in the sams way as does the draught force.

Whan the effect of forward speed on implemsnt draught is included in the
analysis it is no longer possible to calculats engine torque from imple-
mant draught, resd off the corresponding engine speed and convert this to
forward speed. ‘This speed will not coincids with the spesd for shich the
draught was originally calculated. Tharefore, an itsrative procedure

must be used starting with the sero speed drmught foros, calculating the
corresponding forward speed, using this speed to form a naw estimate of

draught and repesting the procedure until a sstisfactory lsvel of acouracy
is attained. Bven introdxcing this added complexity, howgver is unlikely

g N




to put the calculations beyond the soope of a progremmable oalculator,
provided a simple relationship betwesn speed and torque is accepted. If
an exact speed-torque relationship is required, however, becsuse this must
now be included in the iteration procedure and, therefore, stored in the
program, at lsast a micro-camputer is likely to be needed.

Further refinements of the mndsl

The mode] may be further improved, if necessary, by inclusion of othex
factors which mey affect tractive performance such as slopes, shesl track-
ing, opsration with whesls in the furrow and use of the differential lock.
Of thess the effect of working on slopes is probably the easiest to incor-
porate. Going directly up or down a slops has two eoffects. Pirstly,
there is a shift in weight distribution towmrds the downhill axle. This
may be calculated initially fram the angle of the slope, the haight of the
cntre of gravity and the wheslbase. It then appesrs in the calculstions
nammmmdmmwtmmum.ww
Secondly, the camponent of the ccabined weights of ths tractor and imple~
mnt acting down the h! 1 appear as a oonstant temm in the equation for the
dradar pulls

D= MCoriving vhesls ~ ™) tndriven wheels

:“m”wow
vhare § = angle of slope.

The effect of vihesl tracking is thet a leading vihwsl compacts and strength-
ens the goil on which a folloving wiesl nnme. This may be included in the
model by choosing & higher value of cone panstramstar resistance for a
whesl wvhich runs in the toack of a preceding vhesl. The pachlem is tO
dacide how much incresse to allow. The cnly data vhich are availsble!'®
are for tyres following each othar which are of the smw sise and oserying
the stme load at the semm inflation preseure. For any other situstiom it
is only possible to estimate a likely figure from these data, which imply
an incresse in cone panetrcmster resistance of 2-3 times for the sscond
tyre.

T e T O MRt 8 i i LM N S T T
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In Burcpe most tractors plough with two whesls in the furrow. This has
two effects. Firstly, weight is transferved from the land-side wiwels to
the furrow-sids wheels. This is the same as the effect of working across
a side-slope. It may be dealt with in the model by calculating the
weight transfer from the haight of the centre of gravity of the tractor
and the track width and predicting the performance of each wheel individ-
ually. ‘The sscond effect, however, is that the cons panetromater resis-
tance in the furrow bottom is likely to be higher than that on the surface.
Mﬂmmmutmdnumnbhmtmﬂnudww’
vhich showed a typical increase in cone panstromster resistance of about
35% betwesn the furrow bottom and the surface.

vhen two wheels on the same axle carry different weights or are rumning in
different soil conditions the overall performsnce depsnds on vhether the
diffevential is cperating or locked. VWhan it is operating the thrust

from both whesls must be the ssme. Therefore the thrust required from

the axle must bs halved and equation 5 usad for each wheel individmlly

to detesmine the slip for that whesl. The overall slip for the axle is
than the average of the slip values of the two wiwels. If the differen-
tial is locked then the slip is the sams for both whesls and it is neces-
sary to uss an iterative proosdure to destermine from equation S, for each
wheel, a value of slip which will produos values of thrust which add up to

the required total.

Bample 1 - Sisple model for a David Brown 1390 two-whesl drive tractor

mwlmmmnmmmwwmumm’,

oospt that only half of the available gears are included for convenience.

Pront tyre sise 7.50-16
Static weight on each frant tyre 6.19 K¢
Rear tyre sise 16.9-34

Static weight on each rear tyre 12.08 ¥t
Wheslbase 2.100 »

TR ke

C o mave— - o

N AR g A S -



947

Gaar L1 12 m 13 n .«

W 134,17 80.8 67.2 46.8 40.5 21.%

Engine torque at maximm powsr x trensmisaion efficiency = 198.5 Nm

Engine speed at maximm power = 2200 rev/min

Asmming a valus of COne penstramster resistance, C = 1000 kN/w
and using the tyre ssmufacturer’s data book for tyre dimsnsions, from
eapations 1, 2 and 11,

Dynamic weight on front wheels = 11.81 kN

Dynamic weight on rear wheels = 24.73 kN

Mobility mmber of front whesls = 9.03

Mobility mmber of rear whesls = 16.66

Prom eguation 2,
Folling resistance of front wheels = 0.95 kN
Rolling resistance of rear wheels = 1.64 kN

From equation 3, 4 and 5
Meximm coafficient of traction, (G, = 0.741
Jximm thrust = 18.32 kY
K (Cp o, = 585
K . 7.90
Toust =~ 18.32 (1 - ¢ *90%) 1y

Gaar L1 12 m 3 n .

Torque available at
driving whesls at
maximm engine power, Xa 26.62 16.04 13.4 9.29 08.04 4.66

Drmdar pull, XN 33.47 19.10 15.44 9.96¢ 8.27 3.0
No-slip forward speed,
m/h

Thrust from driving

4.57 7.59 9.12 13.10 15.13 26.08

whesls, UM.3% 20.05 16.39 10917 9.22 4.63
8Slip, * 100 >100 28.49 1146 8.6 2N
Trus forward spesd, lm/h 0 0 6.52 11.60 13.79 25.M%
Drasbaxr power, ¥ 0 0 1.9 32.09 31.68 25.0%




Fram equation 14, slip for maximm ocutput power = 25,158

From equation S, thrust from driving wheels = 15,87 kn

From equation 6, drasbar pull = 14.06 kN

From squation 7, torque at driving wheels = 12.90 N m
Gear L L2 m 3 ) s
Engine torqus, Ma 96.16 159.60 191.90 275.55 318.41 548.75

BEngine speed, rev/min 2260 2240 2220 above max. torque

Spesd of rear vheels,
rev/min 16.85 27.72 33.04

No~slip forward speed,
Ja/h 4.69 7.73 9.20
Dranbar power, W 14.49 23,88 28.42

Therefore the highest drawbar power available in each gear, the forward
spesds and the equivalent rates of work at 0.025 (ha/h) /XM are as follows.

Gear L1 12 H1 L3 H2 109
Drasbar power, KW 14.49 23,88 28.42 32.09 31.68 25.81
Epyvalent rate of

work, ha/h 0.362 0.597 0.7%1 0.802 0.792 0.645
Porward spesd, km/h 3.5t 5. 79 6.89 11,60 13.79 25.11
Bpuivalent implessnt ' )

width, m 1.03 1,03 1.03 0.69 0.57 0.26

Bxasple 2 - Simple mode]l for a David Brown 1390 four-wheel drive tractor

mmummaumum:mmwwmmmm’.
Data not given below are the same as for the two-vwhesl drive tractor.

Pront tyre size 11.2-24

Static weight on each front tyre 7.35 kN
Rear tyre size 16.9-34

Static weight cn each rear tyve 9.83 X

Vheslbase 2.14 m

Dynsmic weight on front whesls = 13.91 kN
Dynsmic weight an rear vhesls = 20.45 kN
Mobility mmber of front wheels = 14.98

Mobility mmbar of rear whesls = 18.36




9

Rolling resistance of front whesls = 0.95 k¥

folling resistance of rear whesels = 1.32 kN

Maximm coefficient of traction of front whesls = 0.735
Maximm cosfficient of traction of rear wheels = 0.780
Maximm total thrust s 26.17 kN

K (G, Of front whesls = 5.75

X (G oy, Of rear whmels = 5.96

X of front wheels . 7.82

X of rear vhesls - 7.64

Thrust of front wheels = 10.22 (1 - ¢ -528)
Thrust of rear wheals = 15.95 (1 - o 548 )y

The total torque required at the driving wheels to transmit the full engine
powar is the same as for the two~-vheel drive tractor.

Gear 1 L2 W 13 Om W

Total thrust, ¥ 33.75 19.43 15.78 10.30 8.61 4.04

slip, ¢ >100 17.60 11.99 6.49 S5.20 2.18

Trus forvard spesd, m/h 0 6.25 8.03 12.25 4.4 25.5%

Drasbar power, X 0 3373 35.20 35.05 .30 28.63
Prom equation 15,

Slip for meximm ocutput power = 24.854
Thrust from front whesls = 8.76 N
Thrust from rear wheels = 13,56 N

Total thrust = 22.32 XN

Total torque at driving wheels = 18.17 Xt

Gear L 12 )] m . n
ingine torque, ¥ m 135.51 224.9%0 370.42 3W8.29 448.69 TNI. B
Bngine spesd, rev/min 2260 1440 above wmaximm torgue

Mo-slip forward
speed, Jm/h 4.69 4.97
Dranbar power, XN 21.85 23.16

Therefore, the highwet drasbar power availahle int esch gear, the forward
speesds and the equivalant rates of work at 0.025 (ha/h) /X are as follows.
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Gear L1 L2 n L3 H2 H3
Drasbar power, 21.85 33.73 35.20 35.05 34.20 28.63
Enivalent rate of
work, ha/h 0.546 0.843 0.880 0.876 0.855 0.716

Porward speed, Jm/h 3.52 6.25 8.03 12.25 14.34 25.51

Bquivalent implement
width, m 1.55 1.35 1.10 0.72 0.60 0.28

Conclusions

The performance of agricultural tractors carrying out heavy draught opera-
tions can be predicted fram data available from standard test reports
together with tyre performance data. Predictive equations previously
developed fram single wheel tests, using cone penetromster resistance as a
measure of soil strength, are particularly suitable for this purpose.

Models of varying camplexity may be developed depending on the main vari-
ables of interest. In particular, models which predict output in temms of
drasbar power can be kept relatively sisple, whereas those which predict
rate of work with implements whose draught is depsendent on forward speed
are inevitably sore complex.

Even simple models can be effective in quantifying the benefits of design

features such as four-wheel drive, tyre sise or power/weight ratio. This
is illustrated by the exmwples given in this paper, where ths four-wheel

drive version of the tractor gave a 108 higher msximm powsr output than

the two—whsel drive version. Howsver, of equal significence is the fact

that the two—vheel drive version had to be opsrated in L3 gear at 11.6 km/h
to develop maximm power, whereas the four-whweel drive version could develop
maxismam power in H! gear at 8.03 km/h. Therefore, if the cperation being
carrisd cut dsmanded that the forward spsed be restricted to H1 gear, the

output of the four-whesl drive version would have besn 24% higher than the
twouieel drive, or, in 12 gear, 41% higher.

More camplex models can be prograsmad on a microoamputer to be “"user-
friendly” so that they can be run by farmers or their advisers without the
need for a detailed undsrstanding of the theory bshind them. !
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OIFFERENTIAL EQUATIONS OF THE VEHICLE'S LINEAR MOTION
MATHEMATICAL SOLUTION AND EXPERIMENTAL APPROACHES

R. FACCHIN
Lt. Col eng/ MINISTERO DIFESA — D G Mot Comb. - ROMA - ITALIA

t_ FOREWORD

3 0
Whh, refence 4e-#g—3 which showy three ’
mmmmmu’om
and with 1he origin coinciding with the center of S~
mass, & will be taken in congigeration only the
horizontal straight longitudingl motion along the
axig of x. N . Fg. 1

"in thig case, the vertical cOmponents of support reaction will balance the weight, while
the orizontal components of the 10rces invoived will be only the drawber forces, the motion re-
sistances and the inertial masees. -

Yhe roiing resistance and drag have a lairly complex neture; in practice they are aitt-
u»mmm:mnmummmj .

> For this (6880n, ON the Dasis of hEOretical ConeiIerations and NUMerous teets, Many

suthors have formulated several SyMhelic expression for the combined celculstion of the rol-
Wng resistance and drag. C.

Wih the well known meaning of the symbois, among the many Iormuies # is remembe-
red:

tA= S @04 m~"$Tv'ﬂ_' ANDREAU
2h= 50 St +M.§I*.¥Lﬂf KAMM

1ne g fore Shatw ._m;m&(m.t] 8AE

“R=y, + KW MORELLI- ZIGNOLI

The (ast eupreasion. normaelly used 1008y, will e kept s s base of this study.

Iroducing 1he velus of K and the mesn deneity of aw
10.13 Kp_ ) with 1he internations! sysiem measurement U,

thocomes R = r, W + {85 10°W + 008 - Cx §) V¥
with:
1, & rOling re8IsteNce GIMENeioniess costRCient

.

T, —— 30 e A b by
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f W = vehicle weight
Cx = drag coeflicient
S = vehwcle cross ssction

gving

erWw=AN sng

©6.5 10°W + 065 Cx§ = BN _s_,)

the following expression will be obtained
R= A+ BV

2. DIFFERENTIAL EQUATIONS OF THE MOTION
INTEGRATION AND MATHEMATICAL SOLUTIONS

a Vehicie in neutral driving

in general. the differential equation of the vehicle motion  in vectorial form is:
F+Rae+wve_dy =0
at

where

F = drawbert torce

A = totel motion resistance

Me = equivaient trangiating mass of the vehicle

= . N
M “3‘""&':.-*.3. where
W = vehicle weight
R, = rolting height
A= ™ speed reduction
J = i equatorial moment of inertia of rotating masse

In the case of the vehicle in neutral. it results
F = 0. while as siready seen;
A=A+ B V2

Then the differential equation in scalar form becomes:
NeB Ve Me. ::__.so

from which through simple Pesseges.
-t = = .
M, A 'i‘.v' B‘?AI/'E‘W)
gving.
A _=zce = n
nt resuits

B




+ +K= s__cgz_v‘_z _é_m:to_%_.
K-I:_!_um_!_ . with K = arbitrary constant
giving a8 boundery conditions thet for v = 0,

t = m = vehicle siopping time. it results l
X = m; and therelore: |

m-t= +Um.¥_

As 1t can De fresly choosen the instant of 108t Deginning,it resuts fort = 0, v = v,
Then the other constant '¢’’° can be elminsted.
n fact with the shown CONGtoN, i results

la.#.w. and replacing

|=m(1-_m_&_) @ or making explick versus  V:
m.!.sm'j.k.cl;.!_:iu*-c

ot lest

v “'E"*’ m..*._] (+)

The equation ¢f molion found in the formules (2) and (3), is perfectly defined up 10 three

constanis:
c= '“M“MM‘“MUMM
ms stopping time sterting rom the beginning of the teet

v, = momentary 8pesd ot the same time
On swo cartasian anes v - t, ONCe estadiiohed the test vaiues of m
and V,, the equation (3) defings a family of infinite irigonomaetrical \angents.
Each of tham has & difigrent trend in unclion of pararneter ¢ yot all passing INOUgh
e nodes of cordinaies @ = 0, v=y and sm, v=0)
in this way, onoe defined, slther esperimentally or angitically. the vailus of the perame-
19r ¢, 8 curve is identtiied which graphiceily and analytically, iwough the 0Q. (3) determings per-
foctly the motion law of 8 apecific vehiole.

0. Vehiote griven by constent torgue
I this Cose the 10r08s 8Ctng ON the vehivie ere:
-Fa _& = 10100 6#prEs8ed by driving torque being R, the rethng height
“ReAt+P.¥ wilh the Wnswn Mmasning of symbols.
Then r0m he Goneral equetion o Metien (1) i 16 GBISINed the (oliswing @fierental scs- ,
i/ equation: !
l

F-A -ﬁt. or




m%:nﬁ.#‘.ﬂ
miﬂf{'z tn..r~c'=l' )
"M_E‘._%_:K'-r‘

separsting the venebles

]
—.ﬂ'."""i'!?" and iiegrating. ! reouls
*lon:&_ﬁr_z%mm{. 1)

with h = arditrery congtant
Giving 88 boundery condition 1he standing stert of vehicie. thet i
fort=0, v=0 wo have h=0
Then # resuns

an b

o last
v=xm.{_-x-t ®

Therelore the (8) defines a family of hyperbolic tengents.

Each tangent is identified Dy a well preciee value 0f K and 10rque at the wheels.

Then & gives the analytical espianstion of graphical trend of v - t In acceleration test in
constant 10rque of any vehicle.

1t is a series of infinitesimal hyperbolic tangents with K verigble continously in function
ol the veristion of the 10rque at the engine (it there is no change of geer)

Anvy way, 1he (0) is vali only in the case 0! standing siant, 8s thig condition was given 1o
olimingte the integration congtamt.

Therelore in general, from the equetion:

X = !
_l"is._no T“‘"""l‘ ®
® roaults.

4%}_40& n-mm.{_mnxnan

! wilt Do obisined:

vzxm(*lum m

Where n depends on the uesd geer and we have n = 0 for the gesr empioyed for the
sanging stan.

The hyperbelic tangent, whioh is shown analytically Oy 1he aquation (0), is identified pe: -
fectly up 10 Ywee conatants:

B oy o
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o N _‘,,)x etficency parameter of the vehicle, known Dy previous point
n (Gmensioniess) = parameter which depends on the ueed geer
M0014FJ1=oqmnbmlununmgwnuunvnvdmubu\m.unuouu

X (rvs) = costiicient which depends on the torque at wheels and on the efficiency parameters
Alena O

Then for each coupie of CoordINGies v - { Of an acceleration graph in 8 cerain gear, from
the squetion (7) k can write 8 Myperdolic eQUEtioN where the uUNknown quantities are: Me, n, K.

Coneidering 3 couple of values v - 1 in the same section of graph (same gear), R will be
possibie 10 wiite conmetent equations of 3 independant equUalions with 3 unknown Quantities.

As such consistent SQUINION INCuded hypertidlic equelions, the theoretical sokution ls
npossible. yet we can go on (triel and error) ineerting meny tem 8 of valuss Me, n, K. 50 thet we
can vanty the 3 equations.

3. EXPERIMENTAL APPROACHES - VALIDATION TESTS
8 Casriad out tosts

in order 10 provide experimenial validation, many 1ests in neutral driving end of ac
coleration have been carried out with 4 meeningiull vehicies.

To assure the uniformity, significence and repeatabiiity, such 1ests have been carried out
on road end On & special “‘stenderd’’ running track of the Proving Ground of the Ralian Ar-
my st P Corese (Rome).

Photo (1) Aeria) ohotograoch of running track
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Tested vehicles

Photo 4: ACL 75

Photo %: ACL 75 Amphibious
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The toliowing vehicles have been tested

- Alfa Romeo 1750 civilian car vehicle

- AR/76 reconnaIssance military vehicle

- ACLJTS nght utility mititary truck

- ACL/75 amphidous Hght ulility military amphibious truck

For the sake Of brewity, the pecuiarities of recording devicies of graph v - t are omut-
(]
The procedures and the redundance of the tests have Qot nd of casual errors, wind ef-
fect. shght siopes etc as much a8 possible.

b Vetucie in neutrsl driving

1) Tost result

The results of the test are synthetized in fig. 2.
The scatiering has been insignificant and in any case included in the graphic error.

2) Caiculation of the efficiency parameters: A’ and 8.
Consigering the tested vehicle data, the valuss of experimental coefficient “'c’* obitet-
ned from the graphs and the analitycel sxpressions given in the theoretical pert, the following
parameters (A* and BF) of the vehicle inciusive efficiency have been cbisined:

Vehicle Alta Romeo ARITS ACUTS ACUTS
1750 smphibious

o | hans i R o .
S (m) 1.88 2,75 5.72 5.54
Rg (m) 0.28 037 048 0.53
MeN £ 1548 2434 7211 - 5376
m (s) 10 122 148 124
VO mig) 20 2 20 20
¢ mh) 190 18 118 14
am) 2710 1232 1680 1008
& w‘,'_.\ 0.87 1978 4379 2973
A (N) 219 1.2 000.8 582.7

3) Checking of roling and drag cosicients.

The caiculation of the coetficients 1, and Cx has been made only In 0/der 10 Qot veh-
dation and COMPEIeon dets with the generaiy used Quantities In IOCOMONION MeChanics.
Making use of the known data and expressions, we obtain the following results:
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Vetucle Alta Romeo AR/76 ACL/TS ACUTS
1750 amphibous ‘
A? (N) 219 261 609.8 5827
e’ ! 057 1978 4379 2973
B
W (Xg) 1500 2340 6925 5120
S (m) 1.88 2715 5.72 5,54
0 0.0149 00114 0.0089 00116
Ca 0.388 1.094 1.164 0.816

The found values of 1o and Cx are quite congruous 10 the test condition

and suiisbie 10 them provided by the experence and by other methods (in part-
cular the hughest rg of Aita 10me0 1S due 10 the fact that only for this Car the tests have been
carned out on road)

It 18 necessary 10 point out besides. that the good Cx of amphibious
truck 13 due 10 hig lower faining

¢ Vehcig driven by constant torque
1) Test result
The resuits of the acceleration tests are synthetized in ig 3 and 4

2) Determingt:on of the parameters Me n and K

The following caicuiation 13 not compietly correct. as the torn_ e 18 not
constant in the 3ame gear. but it changes with the speed (1 p m ) of the engr -+

it can be regarded roughly good. i we consider that such var. ons are
much lower then the changes due 10 the speed gear. bes:des n the diesel eng:
nes this Couple range 18 fairly moderate

The maximum etror due to the coupla range of engine

(_f..-._c-;:s-___ 100) 18

Alfe Romeo = 96 % AR/T6 = 191 %
ACUTS =108 % ACUTS amph =105 %

For each vehucie and 107 88Ch USed QRar. the CaICUIATON Of UNKNOW values Me. n_ K. has
been carted Out casting, 1nal ana ¢110¢, the IOHOWINY hyDerbOe CONaistent 9Qualiong

v,-xmt_ﬁ‘._-moon)
v..m.m_ﬁ_vxu *n
v,-mm(_ﬁ_ln +n)
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where. known the mesning of other symbois. we have
Vo. Vi. Vg = speed st gear engaging at an intermediate instant and at gesr disengaging re-
spectively
1o. . Ig = retating instants 10 previous speeds
The results are reported in the following tabies

Alta Romeo 1750 ' W = 1500 Kg,B? =0.57

Geear ° Me n K
18 1 1810 0 101
2* 8.085 1670 0.08 17
3 5.848 1600 0.1 71
q° 3,248 1580 0.21 51
5¢ 43 1540 0.65 51

ACUTS W = 6925Kg. B7 4,38

Geer 4 Me n K
1e 45,498 21700 0 7
2° 25.87 12800 0.01 54
3 16.48 9400 0.05 42
4° 10,29 8400 0.18 3
5 7.583 8100 0.31 28

AR/76 - W 2340 Kg. & = 1.975

Gear p Me n K
1 23,102 4200 0 64
2 13,23 3360 0.04 49
3 8.57 3080 0.29 35
4° 6.30 2700 0.41 32

ACL/7S smphibious 6640. W = 5120 Kg @ = 2973

Geer 14 Me n K
2* 23393 10200 0 63
3 14,805 8200 0.04 48
4° 9.303 6600 0.17 34
5¢ 6,850 6100 0.36 28

3) Determination of the working torque and the Inciusive ethiciency

From the oblaned vaiues it 18 possibie 10 871ive 10 the working 101ques at wheeis Mr and
3l engine Mp with the expressons
Mr = (K* + C)'® Roand Mp = Myp




The caiculation has been carried out in the following tables:

Alfs Romeo 1750: C* = 384. B = 0,57 Ry = 0.281

Gear K K2+ C? M, 3 Mg
1 101 16584 1695 " 154
2 ” 6313 1011 8.065 125
3 7 5425 869 5.848 148
4 51 2985 478 3.248 147 :
5 51 2985 478 431 1"

AR/T6 C2= 1328 = 1975 .Rg =0,37

Gear K K +C? M 9 Mp
1 64 4228 3096 23.102 133
2 49 2533 1850 13.29 139
3 35 1357 991 857 118
4 32 1156 848 6.30 134

ACL-75:C'= 1398 = 4,38. R, 0.48

Goar K K+ C M, ) My
1 73 5468 11495 45,498 252
2 54 3066 6422 25,87 248
3 a2 1903 4000 16.48 242
4 33 1228 2581 10.29 251
5 2 1940 7.583 P

2 TON amphibious . C? =198, B? 2,973, Rg = 0,51

Geer K X'+ C? L 4 Mp
2 63 4108 6315 23.393 269
3 48 2500 3790 14,905 254
4 3 1382 2049 9.303 220
L] 28 960 1408 6,858 216

=R A T
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At lest. comperating the veluss of Mg 10 the output 10rQuUes 8t engine lest stand, in the
COrrigponding $008ds. we are able 10 determing the INCiusive eficiencies (at)

Vehicie ‘el BRL 2 2 . se
Atta Romeo 0,820 0.670 0.793 0.788 0.505
AR 76 0,060 0.920 0.768 0.887
ACL 75 0.058 0,842 0.822 0.852 0,009
2 TON Amohibwous

0840 0914 0.883 0.747 0.733

This vaiuss consider both the mechanical efficiency of the trasmission and the energy
disaipation during the motion, for the water, fusl and hbwricating ol pumps, tan, air suction, ex-
heust Qas. SlECITC QENOIRNOY, 94C..

A further siep would be the determination of the total efficiency (thermic engine inclu-
ded) of the vehicie Suring the MOtIon with the expression.

apzh’.gs<! M wwere

Ce = Mmmmmwmw(w’_'ﬁ;)
Cov= mcnndmmw(_ﬁ__)

A =mwums4m_rl.._
2 |
€.g. the caiculus carried out Or the ground of consumption remarks of Alfa Romeo trs-
velling at 100 Knvh, has provided a totl efficiency Mt = 0,23, with g thermic engine effi-
clancy ot 0.29.

These deta are cONGruous and, with a very good approximation, they correspond to tho-
%¢ obiained from Other S0urces and experiences.

4. CONCLUSIONS
1t 18 NOt wished 10 lsave Out the kmits of reliabiiity in the proposed methods, thet is |
- partial inadequecy of the DINOMING! expression of MOHON resistance.
- ncompiste fusl Induction in the engine,
- @110 ON CONSIdEring the 1orque congtant at the seme gesr

in any caee we Delieve thet 1he appication of the deecribed Methods is useiull in the stu-
dy of the vehicie end his motion; in perticulss it should provide the following benefts;
- Only RINOMEtCH remarks 8re carriad out with devices which have a good level of precision end
roligDiiity,
MOSSrOMents fogerd only two 198ts (In Neutrsl and accelerstion) with & small scetiering;
held tesls (MOre ONSTOUR 107 the OrGANIZENION) 8re Yery Much reduced . Wereas we meke ler-
08¢ use Of celculation,
DIOISCHON 'oIC. ) 80 NOL reqUEsted. S0 we avoid GHNCUMtIes Snd #110rS CONNGCING 10 Ml URe;

L




4t is possidie 10 perform checks choosing on the graphs the desired number of point (t.v) ang
statistical elaborations can be made by computer.
- they aliow 10 do an analitycal study of vehicie/soll perameters.

This 18 poseibie by changing the considered parameter (¢.g. tyre infiation pressure), caicula -

1ing again the cosfficients on which that parameter is acting, and, at last comparing the obtai-
ned vaiues 80 that we shall reach the apimization of the tested parameter.

Coming 10 the lact, the method with the vehicle in neutral aliows the determination of:
- vehicle officiency parameters: Af ¢ B,
- rolling cosfficient ro ar3 conseguent optimization of:
© rolling height
oking, widih and structure of the tyre
© tyre inflolion Presswre 80Cording 10 8peed and ioad on the tyre
- oquivalont transieting mass in neutrel
- vghicle croes section
- drag cosfficient Cy and minimizetion of ta componenty:
oshead effect: Cy
© tail oftect: C¢
© gige fricion resistance: C;
© drag on the wheels = C,
* resistance caused by Mt C;
Even i, the method based on acceleration test, is iees reliable for its larger scatiering, it
oould provide uselull factors of check verification and valutstion, with regerd 10:
- MOmMentary torque ot whesls
- oQuivelont transiating Mmaes in each gear: My
- pOWer 108088 In Order 10 Supply addiional but indiepensable vehicle Mmembers: slectric, hy-
In conciusion the lirmited achieved tests have provided Quite encouraging resulls.

©
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TRACTOR~S0IL~IMPLEMENTS
FUNCTIONAL INTERACTIONS AND MODELS

G. JAHNS* AND H. STEINKAMPF®**
FAL, BRAUNSCHWEIG-VULKENRODE, WEST GERMANY

!

( INTRODUCTION

\

Tractors and machinery have evolved to high technical levels,
however this advanced level of technology results in system
complexities making it difficult and expensive to further im-
prove quality. Also, it may be more difficult for farmers to
realize the total potential of these higher quality systems.

Computer models are powerful aids for identifying and evalua-
ting the numerous machine and operational parameters that
affect tractor and implement efficiency. They can allow engi-~
neers to optimisze their design more cheaply and quickly than
by using field trials only, and they can also show them which
system parametera must be displayed to the operator to enable
him to make best use of the total potential that is enginesred
into the system and for which the farwmer has paid.

The models introduced and explained in this paper help to ana-
lyze technical and agricultural parameters, such as soil con-
dition, ploughing spsed and depth, wheel load, stc. (ses

Table 1). D eyt »
e o’ by 953
Toostur ] fmplment
Aoty Powe Qpesifte 308 Ausimenss | | fpes. Oreh
fomy Lot «~ Ywoe Spm. Power
Sagine Chornserivtis - Oul Ograity Werking Witth
Powy Tron - Motshsre Conoant Wesking Dapth
Ton Werking Spesd
Welghe Cuniley of Wavk
Optoser Ponn Mantgement
Competense (¢ 1 ]
Informoston Prasuning | | Plaes Vepagraphy
Aoalvepomutry Faid Gupe
Camiure Chmae
e Westher
(-

Table 1. Parameters effecting the efficiency of tractor-soil-
implenent systems.
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Basic Research in Agricultural Engineering (director: Prof.
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Unfortunately not all .parameters can be investigated by compu-
ter models e.g. the desired result of tillage operations or
the stress on the operator are important criteria which cannot
be satisfactorily quantified by physical values and are there-
fore not computable. In the following, ploughing as a time and
fuel consuming tillage operation, is used as an example. The
theoretical field capacity is the main criteria evaluated.

MODELING STRATEGY: COMPUTING PRINCIPLE AND DATA ACQUISITION

Computer models are used to investigate sophisticated systems
by means of mathematical descriptions and to arrange and
clearly display the results. The real link between the physi-
cal and the mathematical system is provided by data from field
tests, such as, for example, the drawbar pull requirement of
ploughs, the rolling resistance and tractive coefficient
curves of tires, etc. To save computer time and memory it is
desirable to describe this field data by equations instead of
storing them and interpolating intermediate values., Often re-
versible equations are desirable so as to prevent the need for
interations. It is one of the advantages of computer models,
as well as a risk, that in contrast to physical reality, the
admissible range of parameters can easily be exceeded. In
those cases the validity of the results has to be observsd
particularly carefully. The form and extent of each model
should be related to the questions to be answered. Even though
high computer power is available, no model should be more com-
plicated than is necessary.

Dividing the tractor-soil-implement system into modules
(Pigure 1 - upper section) gives the advantage that the inter-
sections of the model can be the same as in the real system.
Therefore, calculated and measured values can easily be com-
pared and the individual modules can be exchanged and be of
different complexity. The characteristics of the modules are
sChematically indicated at the bottom of Figure 1.

et wre [

ote
ronenission soil /tires

Bl

F A

v

Figure 1. Tractor-soil-implement mode! schematic.
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The characteristics of tractor engines are well described by
their performance maps. To avoid time and msemory consuming
computation, an equation has been developed to calculate the
fuel consumption of an engine in relation to speed and torque
or to speed and power. This equation is universal for all
engines while its coefficients are specific to the engine un-
der investigation. To calculate these coefficients values for
speed, fuel consumption and torque or power for 9 working
conditions are required. They are available for many tractors

from test reports, or can be measured using a suitably instru-

mented dynanometer. The results discussed first are based on
an engine and tractor as described in OECD-Test Report No.

809 with a rated powsr of 44,2 kW and a mass/power ratioc of

68,9 Kg/k¥W to 149 Kg/kw.

The description of the power train is the weakest point in
this and all known tractor models. Even though there are data

available that describe parts of the power train, there are no
overall efficiency data available for power trains of tractors.

Therefore, in this model, as a first approach, a constant
overall power train efficiency of 0.8 is used.

The traction of tires for different soil and working condi-
tions has been measured in numerous field tests. Data froms
more than 2500 tests at the FAL are available and have been
prepared for computer use. rig%n 2 shows the results of the
data processing. In this case the data were obtained by fivae
test runs established under identical conditions. For certain
values of slip ¢ the traction coefficients x (8 u in USA) in-
dicated by x and the gross traction coefficients u (8 u_ in
USA) indicated by ¢ are plotted versus slip. The edged Jlines
connect the averages of these values. The rolling resistance
coefficient p is calculated as the difference between the

traction coefficients p » g - . The smooth lines represent the

approximations as:

B = Qy0 ¢ boo * do (1)
€,

x=a, ¢ b,o (2)

pea, ¢ bza (3)

and the traction efficiency as:

< <
- 1)
The values of the parameters of the equations for the tires
and soils used in the following are given in Tgpble 2.
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Versuche~Nr. 3132 A~f
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Bt 1 ¢~-Nr. [ 4]
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Figure 2. Data from field tests for evaluation of traction
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Parameter Units iosmy Cley | ssndy Loam
' - 0.713 0.621
[ - -0.004 - 0.824
) - -7.603 -8.290
” - 0.0878 0.07¢
by - 0.02% 0.206
” kN/m? 67.273 3.6
by | M| 04 0.223

Table 2. Parameters of traction and rolling resistance
coefficients and of required drawbar pull for
two different soils.

As in reality, for computer models the dates for the implements
and the tires must be related to the same s0il. Many attempts
have been made to describe soil conditions e.g. by cone index
or soil textural triangle etc; however, as yet there is not
any satisfactory method of rating soil conditions with respect
to tire performance and draft requirements of implements using
physical values and verbal descriptions are used. Without
these descriptions of the soil conditions draft or power re-
quirements of implesents are meaningless. Unfortunately, many
publications dealing with draft and power requirements of
implements measure only one specific working condition, e.g.
draft for only one speed and working depth, etc. Data necessa-
ry to enable computer models to describe the draft and power
requirements of implements must cover the expected speed range
thmd tor){mg conditions and include a precise description of
e soil.

In this model the required tractive effort for the plough has
been measured under similar soil conditions and was described
by 2ach /1/. The required traction can be calculated for a
speed range of V = 3 to V = 8 km/h by the equation:

F=hH- -1t (l,’b3v') {5)
with the ploughing width b and the ploughing depth t both inm.
The parameters are listed in Table 2. The mass in kg of the
plow can be calculated /2/ as a function of the ploughing
width;

me ~-21¢803D) (6).

It is assumed that 60 § of the weight of the plough is trans-
ferred on to the tractor.

Raremeters Effecting Tractor Efficiency

Tha theoretical field capacity is used as a mesasure to calou-
late the effects of different parametsrs in respect to traotor

i S L B gt B T ae be s AT
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efficiency. It is further assumed that the tractor is plough-
ing with a conventional plough at a depth of 25 cm on level
ground at a constant speed. For this first discussion, a tem-
porary simplification is assumed that equal conditions exist
for all four wheels and that the gear ratio and the ploughing
width are continuously changeable.

Effect of Ploughing Width and Speed

Figure 3 shows the theoretical field capacity, the fuel con-
sumption and the true ground speed of the tractor on a loamy
clay for different ploughing widths.

0 0s 19 15 =
ploughing width
OLLD-tect ag 000, 7+ 805 6g/0W , soit © loamy ity

Fiqure 3. Field capacity, speed and fuel consumption versus
ploughing width.

All three curves are boundary lines. That wmeans for a given
ploughing width ther.: lines indicate the highest field capa-
city, highest speed and lowest fuel consumption possible. The
field capacity has a maximum at a ploughing width of about one
meter, ere the fuel consumption has its minimum. The results
show that for each optimum field capacity and plough width
there is only one unigque speed. Therefore, maximum field capa-
city is only achieved with a certain ploughing width and speed.
I1f either one of them is changed the field capacity is lowered,
or the tractor can't work because the boundary line has been
exceeded.

Effect of Tractor Mass and Engine Power

Increasing the mass of a tractor, e.9g. by ballasting the trac-
tor, gives higher field capacity as can be seen from Fiqure 4.
This is a well known effect but has limitations for a real
tractor. Thess limits, the lower one for the tractor without
ballast, and the upper one for the tractor with maximum re-
commended ballast, are indicated in Figure 4 by the hatched
region. The tractor under investigation allows exceptional
hight ballasting more than once its own weight. It can be seen
from Pigure 4 that by ballasting a tractor the maximum field
capactiy increases with a decreasing rate of improvement. The
same is true for the ploughing width. The field capacity curve
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itself becomes less convex with higher mass, respectively the
mass/power ratio. That means at high mass/power ratio the re-~
duction in field capacity is not as significant if the plough-
ing width does not exactly match the optimal ploughing width
than {t would be at a low level of power/mass ratio.

05[ r r— S
na/n e Y Y NI
L5 5 R we
cod NI R
g 1Y) wew e @ W
1T mons Ipower rO0 7 fhg/uw)
- : _'__.._.———-—-—"'—__——.
ol - +
|
|
] (1]

w5 i 25 e 20
Ploughing width

0ECO-tost w0 008 . o0i( - isomy cloy

Figure 4. Influence of mass/power ratio on field capacity
and ploughing width.

Figure 5 shows that for a constant mass/power ratio of 60 Kg/
k e theoretical field capacity increases linearly with
engine power. The same is true for ploughing width. Figure 5
also shows that with higher engine power the field capacity
curves become less convex. This means that as mentioned be-
fore, if the plough width does not exactly match the optimum
the reduction in field capacity is not as significant and
matching the right plough width is more critical with lower
powered tractors.

¥hile for Pigure 5 constant mass/power ratio was assumed, it
can be learned from uggrc 6 showing the mass/power ratio ver-
sus rated power of today's tractors, that the mass/power ratio
of tractors in use is declining with increasing rated engine
power. In consequence, the increase of field capacity by in-
creasing the power is partly compensated by the decrease of
the mass/power ratio of today's high powered tractor.
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Figure 5. Influence of rated power on field capacity and
ploughing width.

” [
r
“ L"m—-.@' ~.H+¢q
] WO w200
roted power

Figure 6. Mass/power ratio versus rated power /3/. }
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Effect of Soil

Fi;ure 7 clearly shows why farmers with fields of different

so conditions have trouble matching the plough width to
their tractors. The light soil, the sandy loam, has a flatter
curve and a higher maximum occurring at a greater ploughing
width than for the heavy soil, the loamy clay. The plough
width can only be a compromise in these cases. Because there
is no ranking system for soil available, it is only possible
to compare individual soil types and conditions as in Figure 7
which shows two different soils as described in /1/.

mm—

T 7 i
ha/h M—M/" g*'lw

EUB - mgnfﬂ-ﬁﬂagymw—q
g 0.6 ,__47{.'( M'ZI:&T}

0 %] 10 15 20 25 w30
width

Figure 7. Influence of soil types on field capacity and
ploughing width.

Comparisons

Figure 8 shows the changes in field capacity and fuel consump-
tion per hectare if one parameter is changed. Por this compa-
rison it is assumed that the tractor-soil-implement systems as
dsfined in the beginning is working at the point of maximal
theoretical field capacity, (see Figure 3). Ploughing 10 §
deeper reduces the field capacity and raises the fuel consump-
tion by approximately the same amount, and visa versa. The

same holds true for the stationary component of the ploughing
resistance (see Equation 5). If slip increases by 10 § the
field capacity will drop and the fuel consumption rises slight-
ly by more than 1 3. An increase of power and mass simulta-
neously by 10 8 causes an increase of field capacity of about
the same amount and a negligible rise in fuel consumption per
hectare. If only the power is increased by 10 §, field capa-
city (7 8) and fuel consumption (2 V) increase. A ¢+ 10 OV

change in the tractor mass, e¢.g. by ballasting the tractor,
causes 2 2 § higher traction efficiency. As it is assumed

that the comparisons of Figure 8 are related to maximum field
capacity and minimum fuel consumption per hectare, obtained
only at optimal ploughing width, every change of plough width
will decrease the field capacity and increasse fuel consumption.
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chonge of fieid copocity ong
=T twid copacity of furl consumption per oreq
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Figure 8. Comparison of field capacity and fuel consumption
related to different parameters.

Optimal Field Capacity or Optimal Fuel Consumption

This question, often discussed enthusiastically, can easily

be answered using a computer model. Figqure 9 shows a compari-
son of the performance characteristics of a tractor (OECD

No. 536) operating at rated power and when the specific fuel
consumption reads 250 g/kWh (left curves), and the same trac-
tor operating at its point of optimal fuel consumption of

224 g/k¥Wh where it delivers 53 8 of rated power (right
curves). Calculations show that a reduction in fuel consump-
tion of 19 % is achieved at the expense of a 40 § reduction in
field capacity.
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Figure 9. COMPARISON: Optimal field capacity (left) or
optimal fuel consumption (right)

EXTENDED MODEL

As discussed previously, this model is not sujitable for evalua-
ting the effect of different conditions under all four wheels.
Consequently, to investigate the effects of:

- 2 or 4-vheel drive

- different wheel speeds on 4{-wheel drives

- locking differentials

~ uneven or sloping areas
the model must be extended.

Figure 10 shows the schematic of this extended tractor-soil-
Ilpfc-ent model. The modular structure is maintained but the
number of required data are greatly increased. In some parts
of the model, for example to describe the different conditions
under all four wheels, four sets of data are reguired instead
of one. To describe the efficiency of every gear relative to
torque and speed, efficiency maps similar to engine performance
maps are required. Consegquently, the computing time also in-
creases. EZffort, therefore, is made to describe the maps and
graphs of the models for equations /4, 5/, or better yet, by
reversible equations so as to prevent the need for iteration,
and to reduce computing time and memory requirements.
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RESULTS

Figqure 10. Extended tractor-soil-implement model schematic.’

The foregoing, the non-realistic assumption of a continuously
changeable gear ratio was made. Using an extended model now,
and replacing the module representing the continuous gear type
transmission with a modul of the conventional gear type trans-
mission, and using data obtained from the tractor (OECD 536)
under investigation the validity of the assumptions made and
results obtained can be checked.

Figure 11 shows the results provided by the two models. The
EEin Tines show the field capacity for the gears 5 to 12 (ex-
tended model), the solid lines the field capacity for the con-
tinuous gear type transmission applying 100 ¢ () = 1), and

89 ¢ (2 = 0,89) of the rated power of the tractor. The results
show that with the conventional gear type transmission only at
rated speed and power the lines for the single gears reach the
previously calculated line of optimum field capacity for 100 &
of the rated power. Below the line representing the field capa-
city for 89 % of the rated power that is for a continuous gear
type, every field capacity can be achieved with the conventio-
nal transmission. How well the area between the lines for 100 %
and 89 \ is covered by the conventional gear type transmission
depends on the gear ratios and number of gears. From Pigure 11
also can be discerned that the effects on field capacity of
the previously discussed parameters are not affected by the
type of the transmission as long as its efficiency is the same.
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Figure 11. Field capacity on loamy clay for different gears.
Effect of Farm Management

The foregoing was only concerned with the technical parameters
that influence the theoretical field capacity, but farmers are
also faced with many more parameters that influence the over-

all work time and fuel consumption. To investigate the {nflu-

ence of the operator or the farm management and structure, an

additional model has been developed using the results from the
foregoing - it makes it possible to evaluate and compare e.g.

the effects of field size and shape. The data and assumptions

for this evaluation are given in Table 3.

field

headland width Sm

number of idle trips 2

speed of idle trips 16 km/h
tractor OECD~Test No. 536

tractor loading 85 § of rated power
plough two way moldboard

theoretical field capacity 0.46 ha/h -~ loamy clay

0.81 ha/h - sandy loam

times

tr‘~s to and from field 1S min

one hcadland turn 0.5 min

breaks per area 1.% min/ha

breaks per total time 48

preparation at the farmstead 15 min

preparation in the field S min

Table 3. Initial condition tO calculate total work time and
fuel consumption.
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The results displayed in Fiqure 12 show that the smaller the
fields are, the higher is Eﬁo work time per hectare which :
mainly is effected by times which are independent from the <
field size, such as set up time, fixed time losses, etc. A i
large part of the total work time (s related to the time used :
for headland turning, which itself is determined by the way

the headland turning is accomplished. This mainly depends on

the type of implement used and the skill of the driver.
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Figure 12. Influence of field size and shape on total work
time and fuel consumption for two different soil

types /6/.

Field measurements showed /7/ that the skill of the driver
influences the time for headland turning by ¢ 20 8, In

Figure 13 the total time versus field size of a skilled driver
ungnq 0.4 min (KTBL - standard time 0.5 min) for headland
turning and a 80 kW tractor and an unskilled Adriver using

0.6 min and a 90 kW tractor are shown. The results show that
the skill of the driver with the smaller tractor (9 § less
theoretical field capacity than the 90 kW tractor) overcompen-
sates this by up to about 1.5 ha. Only above 1.5 ha, when the
ratio of the time for headland turnings to total time drops
under a certain value, will the unskilled driver with the
bigger tractor be gquicker.

08 T T
m”nl roled power
hoadiand turn

Qomin -

11/
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rigure 13. Influence of rated power and driver skill.
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Conclusion

In the foregoing ploughing as one of the most time and fuel
consumption tillage operations was used to show how, by com-
puter models, the influence of different technical and agri-
cultural parameters on field capacity, fuel consumption or
work time can be evaluated. As a matter of economics the ex-
tent of the models discussed had been matched to the questions
posed. While the first examples were related to technical pa-
rameters the last examples showed how non technical parameters
e.g. the skill of the driver, the farm structure or the farm
management can greatly influence the success of farming even
if the technical parameters are equitable.
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k INTRODUCTIOM

valuation of the mobility performance of wheeled off-road
transportation vehicles is still considered to be under
debate within the research as well as the design and user
communities. Methodologies and design tools have not quite
permitted a kind of standardised approach so far, although
much progress has been achieved through the past five years.
K.=J. Melzer has been discussing various possibilities of
evaluating the traction of tires for off-road transportation
vehicles in a position r presented at the 2nd Buropean
Conference; uom—ﬂ-ﬁh.h paper concentrated on a
ni.uiou-béod analysis of mobility performance charsac-
teristics for a case study vehicle. Based on this case study,
the authors will describe some evaluation tools relating to
areal mobility performance characteristics of the vehicle
under consideration. Such an approach requires comprehensive
terrain data bases to be dealt with while applying computer-
aided methods. The evaluation procedure will Fovldo
performance data which have to match the user’'s requirement
data which are defined in terms of durcg’rtuie speeds,
immobilization percentages, that are achieved
by a vehicle in an area under investigation.

N

APPROACH

The overall system of vehicle, driver and terrain is wodeled
by a simulation mobility model /2/, which comsists of three

independent computational modules as shown in Pig. 1. Out of
these modules, only the areal (off-road) module and the on-

road module are being applied to our prodblem. Linear features
{creeks, rivers, etc.) do not constitute the type of terrain
that is negotiated by commercially operated wheeled vehicles.

Terrain Conditions

Terrain conditions usually are heavily influenced by soil and
surface characteristics in terms of soil strength and slip~-
periness. Thus, sessonal changes of soil mofsture and
strength as well as short-term changes of surface conditions
are crucial terrain parameters governing a cross~ocountry
vehicle's performsance data. Considering these facts, it was
decided to defins characteristic terrain conditioms for the
simplified case study being discussed here and referring to
K.~J. Melser's traverse mode approach /1/. It s ted to
run simulacions across an operational area of the sime of a
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1:50,000-acale topografic quadrangle sheet for the weather
conditions

o dry,

O extremely wet,

0 slippery surface (original soil strength corresponds to
dry conditiom).

Terrain data of the quad sheet comprise both off-road and
on-road data required by the mobility model /2/. These data
have been assembled on the basis of thematic maps (soil mape,
geological mape, land-use maps, forestry msaps, topografic
Raps), aerial and ground truth data. The resolution
Cell sise is 1 x 100 m for off-road terrain and 10 x 10 &
for om-road segments.

Statistical data on some key parameters such as soil
strength, slope and surface micro-roughness in terme of RMS
are given in Table 1 for off-road m{ on-road terrain. The
area consists of 2700 terrain units 1), while the n-d and
trail network is made up of 1500 road/trail umits 4. The
frequency distributions indicate that the off-road terrain
acnstitutes a rather hilly environment with severe slopes
being acoompanied by comparatively low soil streagths in
extremely wet condition. The road conditions 4o not exhibit
extremse difficulties, as the average slopes do not exceed
S 8§, for example.

Table 1 also gives an overview on the s0il types and road
types encountered within the area under investigation. The
absolute and relative frequencies of the various terrain
units encountered are aleo indicated. Most of the soils in
the off-road environment are fine-grained soils (M, SN, 8C,
ML, CL) with some rarely occurring organic soils and fat
clays (CH). More than 50 8 of the road network is made up of
secondary roads {(light-surface roads), while about 30 § con-
sist of agricultural and forest trails with goil surfeces.
Gnly 13 § primery roeds (federal highways) are contained in
the existing network.

Vebjele Ooufigeretice

The vehicle configurations of the case study are egquivalent
to those in Ref. /1/. A 1.%=¢t truck (4x4) with the following
characteristic data hae boon Ghoeen:

The groes vehicle weight oguals 4.4 t7 the tires ace of a
10.90-220 sise have & stondard tire deflection of 15 &
{100 x deflect section height).

The sbove dsta are nedified oush a4 0 permit investi-
sation of the effests e eantral tire iaflation pressure
systen (CTYIPS). Tire deflostions ¢f 33 ¢ and 35 ¢

1) dafined as areas of Mamsgencuws terraia
3) éefined as stretehes of homogensus roeds/traile
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with respect to their impact on mobility are being evaluated
in a first modification step. Mext, a variation of tire size
using a 14.00-R20 radial is made, also allowing for deflec-
tions of 15 8, 25 § and 35 8§, This covers two essential
variables controlling wheeled vehicles' performance in oft-
road terrain from a running gear point of view - tire sicze
and tire inflation pressure. The study aims at determining
whether the given requirement data (Table 3) quantifying the
user's needs are being met by either of the vehicle systems
described in terms of tire sise and CTIPS.

EVALUATION

Mobility evaluation tools for areal and mission-oriented mo-
bility quantification are

mobility profiles,

speed-limiting factors,

speed/speed-limiting factor maps (areal evaluation),
characteristic mission speeds.

0000

These - preferably as combined information - provide a ocom-
prehensive description of a vehicle's mobility capabilities
in a specific terrain.

Mobility Profiles

The mobility profile is generated from the basic output data
of the computer simulation - the maximum speed of the vehicle
investigated within an off-road or on-road terrain unit. It
indicates an accumulated average speed which the wehicle can
maintain within the off-road terrain area or road network
under consideration. The speed may be defined as a function
of the percentage Oof the total area or network of terrain
units that it avoids: here, the as ion is wade that the
vehicle avoids such terrain which exhibits the maximum impe-
diment to its motion. Immobilisation is defined by a theore-
tical speed close to sero in order to allow comtinuous oompu-
tation of the profile. Fig. 2 shows & typical wobility pro-
file for a specific vehicle and a givea weather condition
within (off-road) terrain; the vehicle gets immobilised with-
in 14 § of the area under consideration.

Speed:lismiting Pectoxs

As a second descriptor, the ressons for the simulation output

spesds or no-9oe are given in the evaluation process. These
include:

No-go: © Traction Speed: o Ride comfort
o Obstacles o Power
o Vegetation ° vuuu::y
o Vegetstion
o Obstacles
o Curvature (om-roed)

s e
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Speeds can be plotted into saps for the area under investiga-
tion. The informetion may be further specitfied by means of
plotting comparative speed analyses of two vehicle candidates
or by plotting the associasted speed-limiting factors in their
areal distribution.

Charagteristic _¥Missicn Speeds

By incorporating both off-road and on-road terrain datas into
a statistical data base which may be negotiated by the ve~
hicle at a given ratio of off-road va. on-road travel, it is
possible to derive "characteristic mission speeds” (vy) from
both the off-road and on-road mobility profiles. These
characterizse the mobility performance of the vehicle in such
& wvay that at a given percentage of both off- road and on-
road terrains a theoretical speed can be cbtained which the
vehicle can meintain. If the user defines a specific off/on-
road terrain mixz to be negotiated by his vehicle, the charac~
teristic mission speed indicates whether this is poessidle or
not .

Evelyaticn_Resulte

The mobility evaluation for both off-road terrain amd roads/
trails of the investigated area yielded the following re-
sultes

a) Offt-road terrain:

In dry weather conditions, both tire formats show practi-
cally identical mobility profiles (FPig. 3)1 st the eoil
strength values concerned (not shown here). also weriation
:l the tire deflection does not influence the vehicle per-
oCmanoce.

In extremely wet conditions, however, the 1400-R20 tire
shows & better performance than the 10.359-820 tire, both
at 135 § deflect (Pig. 4): nevertheless, the speeds
differ by only 2 to 4 ka/h and the immobilisation segui-
tudes are almoet valent (16 § for the 14.00-020 tire
and 16 § for the 10.50-R20 tire).

When ?lytu a central tire inflation pressure system
(CPIPS), it cen be seen from Fig. S that - at & deflection
of 33 § - the 10.30-R20 tire provides almost the same mo~
bility as the 14.00-R20 tire. Fig. 6 shows the range of
mobility increase for inflation of the 10.50-R20 tire from
15 § to 35 §, whereas Fig. 7 clearly indicates that the
14.00-R20 tire does not gain much from this variation. A

ison of the performance data under dry and extre-
mely wet conditions is provided in Pigs. 8 and 9 with a
constant deflection rate of 15 8. The achieved on
4ry and extremely wet soils differ by 10 to 135 xa/h.

o~y




If slipperiness effects due to rainfall are introduced for
soils of high strength, drastic mobility deficiencies
occur, as is shown by Pigs. 10 and 11. Immobilization

also increases tremendously from 14 § to 33 §.

A comprehensive compilation of the fregquency distributions
of speed-limiting factors for the investigated vehicle
configurations is given in Table 2. The related charac-
teristic speeds vago, va90 and vy are listed in Table 3,
which also includes the road & trail performance data dis-
cussed below.

b) Roads and trails:

By analogy to the off-road results, the mobility profiles
of the two tire formats do not differ at all under dry
conditions (Pig. 12).

Fig. 13 provides the comparative results for dry and ex-
tremely wet conditions, indicating an average speed 4if-
ference of about 5 km/h. The 14.00-R20 tire format does
not bring about any mobility increase within the investi-
gated road network.

Slippery condition substantially reduces the mobility of
the two vehicles in the most difficult road units and
:ondu to)approx. 3 % immobilizations for both tire formats
rig. 14).

The frequency distributions of the speed-limiting factors are
listed in Table 3.

On the basis of the given mobility requirements (Table 3)
which are defined in terms of maximum immobilization percen-
tages and an average speed of va90, it is then determined
wvhether the vehicle performance data satisfy the given boun-
dary conditions. The areal wmobility requirement data are des-
cribed by the following values (cf. Table 3).

a) va90 = 10 / 3 / 5 wm/n tor off-rosd conditions during
dry/extremely wet/slippery weather scenarios

veog = 3% / 30 / 30 km/h for on~road conditions during
dry/extremely wet/slippery weather scenarios

b) lmmobiligation tolerance = 10 / 1% / 2% % for off-road
conditions during dry/extremely wet/slippery weather
scenarios

Immobilisation tolerance = 0 / 0 / S § for on-road con-
ditions during dry/extremely wet/slippery weather
scenarios

Generally, the evaluation data show that under extremely wet
vweather conditions the off-road immobilisation results of the
15-8 deflection tire (original vehicle), which amount to
approxisately 18 8§, are not much reduced (16 §) by applying
35 % deflection. Nevertheless, the given requirements of 15 %

e s
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saximum f{mmobiliszsation are roughly met. Slipperiness, how-
ever, does seriously affect the performance data as the immo-
bilization rate increases up to 33 8. This has to be taken
into account while planning operations of the vehicles under
these weather conditions. Necessarily, mobility aids like
tire chains have to be taken into consideration if specific
operational goals are to be met by the vehicles. Speeds of
Va90 are not reached:; however, 85 § of the terrain may be
negotiated with a minisum spsed above the required speed of S
km/h under extremely wet conditions by both tires, the
10.50-R20 format having to be inflated to 35 §, however:
thus, a CTIPS is needed to fulfil the requirements set.

The results of a combined on/off-road task obtained for the
vehicles on a statistical basis, i.e. assuming a defined
ratio of on~-road to off-road movements, are shown in Pig. 15
in terms of the characteristic mission speeds discussed
earlier. The data are based on the respective off-road and
on-road mobility profiles for wet conditions and 15 § deflec-
tion. The larger tire provides advantages for any given
terrain mix; however, the advantages are of a magnitude of 2
to 4 xa/h only. This must not constitute a major reason in
favor of a 14.00-R20 equipment, especially wvhen taking into
account the capabilities of a CTIPS: the 35-8 deflection data
ielad o::n less discrepancies between the two tire formats
Pig. 16).

Fig. 17 illustrates again the extremely big problems being
created by slipperiness effects plotted for both off- and
on-road terrain conditions in a combined graph.

The final selection of the tire format and of the CTIPS
equipment has to be based on the results of the areal overall
analysis of the terrain-vehicle-operator system in a defined
operational area for different weather conditions and defined
procurement cost data.

Table 3 indicates the requirements to be met by the vehicle
that are derived from the user's needs and the performance
data achieved by the vehicle systems obtained through the
simulation results.

The data indicate that none of the vehicles entirely satis-
fies the conditions set by the user's demands. Wowever, the
vehicle configurations with CTIPS almost reach the required
performance data; the immobilisation values are almoet equal-
ling 15 8§, whereas the v speed requirements are fulfilled
by vg‘z values of both 10.30-R20 and 14.00-R20 tire formats
at 3 deflection. Characteristic speeds (Table 3), immobi-
ligation percentages and the entire mobility profiles 4o not
allow ma prefezences tO be given to the tire format
14.00-R20. Nevertheless, the required performance data call
for equipment with CTIPS in order to be able to negotiate the
most difficult terrain with sufficiemt traction.

It has to be taken into acoount, however, that slippery sur-
face oconditions create serious mobility problems. It is
probably necessary to uee chains in order to imcrease
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traction under these weather conditions. Otherwise, the ve-
hicles will be immobilized within 1/3 of the entire off-road
area to be negotiated.

1f the entire road/trail network is considered in connection
with off-road travel on a statistical mix basis, “charac-
teristic mission speeds” at a defined ratio of off-road and
on-road travel can be obtained on the basis of the off-road
and on-road mobility profiles (Figs. 15 to 17). Table 3 gives
an example of reducing these data to a vggo value which
characterizes the curves by an average speed at which 50 8 of
the terrain mix (roads and off-road areas) may be travelled.
This 50 § constitutes those terrain areas and network seg-
ments which are the "easiest" ones for the vehicle (in other
words: the most "difficult” terrain and road network segments
are avoided).

The vp50 values indicate that the performance of the two tire
formats is quite similar again. Even under slippery con-
ditions, an average speed of 32 km/h may be maintained if the
most difficult off-road and on-road terrain units are
avoided. Again, preferences can be allocated to neither the
smaller nor the bigger tire format.

In an attempt to make a final vehicle system selection, the
following evaluation results are compiled:

As the procurement cost of the 10.50~R20 tire (100 points,
Table 4) is below that of the 14,00-R20 tire (102.4), it is
concluded to recommend the vehicles to be equipped with the
10.50-R20 tire format and a CTIPS. This will enable the user
to operate his vehicles in the above terrain conditions with
a maximum efficiency in terms of mobility and cost involved.

As already mentioned above, traction problems under slipperi-
ness conditions have to be countered by suitable measures
like equipping the tires with chains, etc.

CONCLUSIONS

The investigations reported in this paper were intended to
provide a quantitative decision aid to the user of vehicles
to be equipped with a specific running gear (tire format,
central tire inflation pressure system). Both vehicle
perforaance and procurement cost involved were taken into
account during the process of defining the best-suited
vehicle system solution for given terrain and weather con-
ditions.

The results obtained have to be understood as a broad perfor-
mance evaluation of the overall terrain-vehicle-driver
system. 1f the user roughly defines the actual mission pro-
file in terms of terrain and weather to be negotiated by his
vehicles, a mobility evaluation model - as the one applied
here - can provide comprehensive data on the vehicle
performance to be expected within extensive areal terrain.
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Table 4: Mominal Procurement Cost for the €x4 Truck with
10.30-R20 Tires and 14.00-020 Tires end for the
CTIPS
Truck A Truck B
10.950-R20 tire 100 -
14.00-220 tire - 102.¢
Central tire-inflation-
pressure systea (CTiPFs) 107.2 100.¢
§
%
¥
H
i
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PREDICTING THE PERFORMANCE OF FAST CROSS COUNTRY VEHICLES.

J.C. LARMINIE.
CONSULTANT: LYTCHETT MATRAVERS, POOLE, DORSET, ENGLAND.

( INTRODUCTION.

This paper describes the practical application of ISTVS
work to help the user describe to the designer the require-
ments of his vehicle, and to help them both aseess what per-
forsance can be expected from that vehicle over various types
of terrain. 1Ia the past, statements of requirements have
necessarily been loosely worded for lack of any agreed
criteria for defining the characteristics of the vehicle.
Sometimes this has led to the designer amisinterpreting the
user requirement. If this is then compounded by a lack of
opportunity to run prototypes on realistic tria{a. a poten-
tially unsatisfactory vehicle may come into service, and
shortcomings only become apparent later with perhaps dis-
astrous, or at least expensive results. The criteris and
assessments methods to be described have applications to any
cross~country vehicle where speed is relstively high, bdut
their development has been primarily for use in designing
Armoured Fighting Vehicles ?AFV;). For AFVs there are a wide
range of options for mobility standards. These arise frosz
differing priorities for mobility in relation to the payloads
of firepower, protection and crew. Military vehicles are
usually stretching technology. To save development time and
the expense of test vehicles, it is usually necessary to make
sajor decisions on some characteristics from paper studies at
the design stage. Even vhen test vehicles are aveilable, the
test areas likely to be available in peacetime are of soil
and topography very different from liiely battlefields, and
perforsance is often misleading. Soldiers are intensely
practical, and do their best wif\ vhatever they are given,
and have little opportunity to poyplain,

AIM.

The author has been involved in the practical spplica-
tions of various methods for predicting perforsance. 1t has
been necessary to cup:ly sctual predictions to the best

ossible accuracy within reasonable bounds of time, and cost.
he user and the designer have needed answers, not theories.
The ais of this paper is to descridbe the methods used, and
vhy they appear to be the best: or the least bad. It is also
necessary to give varnings on the lisitations of the methods,
and fros this to draw conoclusions as to vhere future efforts
should be devoted to improving the methods. Bxperience has
shown these methods to be, within their bounds of .courac{
(and these bounds are adsittedly quite wide), to be reliable.
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The future work of ISTVS and elsewhere is going to
isprove methods of prediction. For instance, at present the
suitability of a cone penetrometer for soil strength measure-
went is under scrutiny. But until some new method has been
proved, and a fund of information gathered by it built up,
the current methods must be supported.

MAJOR INFLU ON MOBILIT

Statements of mobility can be split between two very
different forms of expression:

a. Criteria. There can be fairly precise statements
of the levels needed of the various vehicle design
characteristics. These characteristics include ground
pressure, engine power, transmission efficiency and
effectiveness, suspension capacity, and vehicle shape
and sise.

b. Performance Assessments. Real trials or paper
studies can show the implicstions of various levels of
vehicle characteristics defined by the criteris, and
under various stated ground conditions: aspects such as
Journey average speed.

There are four major influences vhich constrain vehicle
perforsancet

a. Vehicle Characteristiocs.
b. Route chosen by the user: for AFVs the cosmander.

c. Soil, vegetation, contours, and the effects of
humsan activity along that route.

d. Reactions of the driver to the three previous
influences.

The first stage of assessment is to establish whether the
vehicle has the basic ability to move along that route at
all: traction sust exceed all resistances, especially that
due to sinking into the soil. Then there is the inatantan-
eous acceleration and resulting speed which build up over
time to a complete journey.

Vehicle characteristics can be stated in reasonable
detail and with ressonable sccuracy. Fairly cilglo assess-
aent sethods allov predictions to sade speedily, and with
confidence that the acouracy of these methods is much greater
than the greatest sources of possible error. These major
areas of doubt are:

a, Variations in soil strength from occasion to
occasion,

b. Choice of route, and driver reactions along that
route.

e . et T LR

i




SINKAGE AND TRACTION

ound P re teria.

racked vehicles for s long time vwere sssesaed by the
relationship of track ground contact aresa to vehicle weight:
the Nominal Ground Pressure (NGP). This proved a useful
guide to soft ground performance, grovided comparisons wvere
between vehicles of generally sisilar running-gear. NGP makes
no allowance for variations in loading due to the number and
diameter of the wheels, and the pitch of the track link.
There is no practicable relationship between so0il strength and
NGP, for calculating sinkage. Perforsance has had to be
gauged by practical triala, Many demonstrations of apparent
nobility have been misleading, due to ill defined vehicle
parameters and ignorance of soil influences.

It was not possible to compare wheeled with tracked
vehicles. The NGP quoted by the tyre manufactures for pneu-
matic tyres is the oval imprint on a flat piate, whereas the
fairer cosparison would be after some sinkage.

The United States Army developed the Vehicle Cone Index and
Rating Cone Index (VCI and RCI) system to meet these require-
sents. The VCI is s measure of vehicle ability and has
forsulae for tracked or wheeled vehicles. The RCI is a rating
of soil strength measured with a cone penetrometer. Fros
these criteria traction and hill clisbing can be forecast.

The VCI was derived empirically from the results of mobility
tests, and is predominantly NGP with some correcting factors.
It contains an unlikely combination of expressions. The
wheeled vehicle VCI formula has no tyre deflection term. The
foraula for tracked vehicles has no wheel dismeter term, and
is very insensitive to wheel numsbers and to track pitch. It
alsc haa srbitrary factors of limited extent for weight and
for aggressiveness of grip. The wheeled and tracked forsmulae
are unveildy, and having suws and products, slow to recalcu-
late variations of parameters. The limitations are emphasised
?y later US Army work to derive soils numerics, discussed
ater.

Since the VCI was so unwieldy the author, when in the
British Arsy at the School of Tenk Technology (now the Armour
School) derived a simple NGP formula for wheeled vehicles
that was comparable to that for tracks.

NGP = v 1 t

o of wheels x tyre radius x section w
Lisjted trials showved that this forsula put wheeled vehicles
into a feair relationship with RGP for tracked vehicles, and
that any error wvas dominated by that due to 1gnor1ng the
aggressiveness of the track shoe or tyre tread. It provided
s readily calculated and useful yardstick until such time as
the Mean Meximum Pressure systes was developed.

gﬁo loa-urononf ér actual fround pressures as a tracked

vehicle passes over a point will show the peak pressures as
each vheel passes. 1t is these maximum pressures that are
the sajor factor aontrolling sinkage. Weight distridbution
vill norsally not be equal on all axles, but taking the mean
of these maximum pressures under esch wheel station will give
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a measure of the expected sinkage. A formula relating mean
maximum pressures (MMP) to running gear parameters was
explained and published by Rowland in 1972 (Ref 1). This
paper also gave an equivalent MMP for pneumatic tyred wheeled
vehicles. Also in the paper were some initial relationships
of MNP to trafficability. At the same time much the same
information was published for internal use of the British
Minlstry of Defence in MVEE Report 72031.

Rowland took this work further in 1975 (Ref 2). This
paper gave further guidance on soil strengths required for
sujitable performance for variovus levels of ground pressure
described by MMP, and gave design aims. Most important were
revisions and refinements of the formula for MMP for wheeled
pneusatic tyred vekicles. (See Fig. 1). It is thus import-
ant not to use the outdated formula given in Ref 1 and the
contemporary MVEE Report. This phase of work was completed
by Rowland and Peel with Ref 3. This related the MMP formula
for wheeled vehicles to the underlying dimensionless analysis
by Freitag, as further refined by Turnage. (US Army Water-
ways Experimental Station). MMP is the equivalent to the
dimensionless wheel numeric, but expressed as a vehicle
parameter and a pressure, rather than a limiting soil strength.
The MMP =system still uses RCI derived by cone penetrometer
for soil measurement. Thus MMP 18 not a new system, but draws
on both the British and US Army work, and puts it in terms
eagy for the layman to understand and use,

Credibjlity of MMP, .

xaminatio: of the formulae show that the expressions
are what might be expected from pure abstract consideration
of the controlling factors. The originators of MMP accept
that it does have limitations. The formulae imply assump-
tions that in fact ars seldom wmet:

a. Weight is evenly distributed.

b. The vehicle is travelling slowly in a straight line.

c. The vehicle has sufficient ground clearance to

avoid bellying.

d. It assumes the soil is homogeneous, and thus

ignores any effect of tread on a cohesive soil.
The expression of ground pressure by the MMP system is con-
sidered the most reasonable criteria for vehicle ground
pressure. Its limitations are fewer than those of other
systems. It is accurate enough to give a clear indication
of potential performance. The MMP formula for wheeled
vehicles has variations for the type of soil: cohesive
(clayey) or frictional (sandy). Since a vehicle is more
likely to find a cohesive s0il critical than a frictional
one, it is normal to use the foraula for cohesive soil.

T b L]

owland explained in Ref 1 snd 3 the inter-relationships
between MMP and scil strength, and these are shown in Fig.
c, d, and o, It is thus possible from NMMP to calculate
tractive effort, and resistance to motion due to sinkage and
ultimate fajlure, for various soils.
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MNP !f 2*1“3 e;g.
n Re s desonstrated how a study of vehicle running

gear design can give the best MMP for a given NGP. A cravler

tractor can have this relstionship, 'Q' of about 1.5. Typical

AFV can expect to have 'Q' about 2.5, though with special i
features such as the overlapping wheels of Panther, 'Q' can bde

1.7. Some typical MMPe are given in Fig. 2.

Tvgggig Rear !&gg;!.
en running straight, twinned rear wheels cannot give

their full value, since half their width will be in fresh
soil, and half in the ruts left by the front wheels. Rowland
suggests twinned rear wheels could be treated as singles.

But since actually vehicles find the turns the critical
parts of a journey, when the rear wheels will be clear of the
ruts of the front, this seenms severe. 1t has therefore
been recent practise to calculate MMP by counting the four
tuwinned wheels on a rear axle as 3. (Thus for a 4x4 vehicle,
v§th tvinned rears, the factor 2m in the MMP foramula becomes
5 .

H‘l - .
* voﬁfclo of wheeled front axle and tracks at the rear

can be assessed in two parts. The MMP for the froat is
calculated using K=3.32 in the wheels forsula. For the rear
the MMP tracks formula is used. The weights on each are as
distributed. The two MMPs are averaged to give a vehicle MMP
with weighting to allow for that weight distribution.

T;g;;sgg.

rovided the towing vehicle and trailer have tyres the
same sisze, and veight distribution is approximately even, MNP
can be calculated treating the train as one vehicle of partisl
wheel drive. 1f these provisos are invalid, limiting condi-
tions must be calculated for the towing vehicle from MNP, and
the resistance of the trailer fros Soil Numerics (Ref 3).

*ﬁo iﬂ’ *orluE;o have now been in practical use by the

British Ministry of Defence and their contractors for some
eight years. Over this period there have been further minor
developments of the systeam. These have been incorporated in
the presentation of the expressions and their derivatives shown
in Fii. 1
he

vheeled vehicle formula has the tera 67“.. for the
tyre deflection. This reflects the improvemeant that can be
got b{ dofllting tyres. To allow simple comparison of
vehicles under the same conditions, it has been normal to
quote MNP at tyre deflection = 0.18; typical road infla-
tion pressure.

xperience with NMP suggests that in the range of MNP
common for military vehicles, between 100 end {50 kPa, sonme
20 kPa is the minisus significeat difference of MNP,

Eno !lporgfne use of "’ to ’o; cosparisons between

tracked and vheeled vehicles. To give a sstisfactory per-
forsance a vehicle with skid steering, as are most track-
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layers, will need some excess of traction when running
straight, so that it can still move when the steering is
applied to give negative traction on the inside. The normal
wheeled vehicle with ackerman steering, or tracked steering
b{ bowing tracks, or an articulated vehicle, does not suffer
this disadvantage, and thus can be expected to perfors under
some condition with a worse MMP than a skid-steer vehicle.

In search of improved performance, skid-steer wheeled vehicles
have been built (eg AMX10 RC) since this allows large tyres.
Lisited trials indicate a penalty of skid-steering equivalent
to a 158 increase in ground pressure.

801l is seldom homogeneous, and thus a large vehicle
will find it easier to operate on deeper firmer layers. Also
obstructions such as tree roots, boulders and other humps
are relatively smaller for the lcr{o vehicle. Thus is appears
that a larger vehicle can operate in some particular going
with a higher MMP than can a smaller vehicle. This sudbject is
highly complex, with wide variations on the gradient of soil
strength with depth. In some conditions a vehicle of high
ground pressure can dig in to get grip, and pass, while one
of 1ight pressure floats less deep, and cannot find traction.
Atrpr:aent there is no figure as to the extent of this seale
effect.

An aggressive track link or tyre tread has long been
accepted as generally beneficial on non-homogeneous cohesive
soils. Tank tracks are now generall t%ttod vith rubber {!dl
in an attempt (often counter-productive) to limit dssage to -
rosds. Some pads are removable, but this is a slow job, and
lesves a cavity in the track-link, which then packs up with
soil, and ruins the grip to much the same extent as the pad.
A particularly difficull condition is on turf, which shears
off. Very limited trials b‘ the author indicate that an
aggressive steel “read (eog Centurion) may give a benefit
equivalent to a 258 reduction in !ronnd pressure, compared
to a large flat pad. Maclaurin (Ref L) gives details of
improvesents to tractive coefficients due to tread pattern
and tyre deflation. Por tyres with dual purgouo road and

cles;s reascnabdble
approxisation of the improvement of grig compared with a road
tread, or a ssooth padded track, is equivalent to some 10%
reduction in MMP,

ration in dry sand is usually less of a problea than
on cohesive clayey soils. Cohesive soils prodo-{nntt in
critical parts of temperate and tropical areas. Therefore it
is usual to quote WNP using the cohesive soil formula for
vheeled vehicles. (Por tracked vehicles the one formuls is
used for doth soil types). BHowever, vhere a wheeled vehicle
is being lgooitioalli‘osno-lod for use on dry sand as in some
deserts, the op;rogr te forsula should be used (see Pig.l.g).
The flotation of the tyre in dry send is reflected in the
relative inoresse in the denefit of t{ro breedth and deflec-
tion. Sinkage and thus resistance will depead on sand
density. This varies across any eune dene ' Yo recent
sorting of the sand by the wind, and eny sudsequeat disturd-
ance. The sand gives increas otrt:z‘h with depth, due to
surcharge, There 1s thus aa ¢ of soale aidiag larger




1011

vehicles. Dry sand is disturbed by an aggressive tread

which would be considered an advantage on clay. Correction
factors for the detrimental effect are in Fig. l.g. The sand
MMP formula has only recently been taken into use. It is
derived from the sand soil numeric (Ref 3). Trials have yet
to confirs the constant 'S' to make the wheels sand MNP fully
comparable with tracks MMP. The present use of the wheels
sand MMP is for comparisons between different wheeled vehicles,
and different tyre sises on the one vehicle. Wet inland sandy
soil can to a limited extent be considered a cohesive soil
when using MMP. Most peacetime testing and training areas are
sandy soils.

T ect o [ .

e expressions aasume slow movement, so that sinkage
is cosplete. High speed denies time for full sinkage, and
thus resistance is lessened. Speed can provide the kinetic
energy to overcome the severe resistance of a short soft patch.
Power and low ground pressure are inter-related, and lack of
one can to some extent be compensated by the other.

T;gct*og.
e traction from the ground to overcome air, gradient,
hard-ground rolling resistance, and soil sinkage wigl. on
cohesive soils (clay), depend on the soil strength and the
vehicle ground contact area. Where the soil is frictional, as
in sand or on a hard surface, traction is by frictional forces,
so proportional to weight. Most soils are & mixture of
cohesive and frictional types. Apart from deserts, an aggres-
sive tread generally pays. The traction will have some pro-
portionality to weight. A "coefficient of adhesion" can be
used like a coefficient of friction, to give a total traction
force vhich is proportional to weight. ome examples are:

Coefficient of Adhesion Cross-country tyre Steel track

Dry rough concrete 0.8-1.0 0.45
Dry clay loaa 0.5-0.7 0.9
Wet clay loam 0.4-0.5 0.7
Damp gravelly sand 0.3-0.4 0.35
Loose dry sand 0.2-0.3 0.3
Df, snov 0.2 0015‘0035
I“ 0.1 091'0025

IEackpldR. o sear the limit of traction will have signifi-

cant track or wvheel-slip.

Peak traction often occurs at adout

20§ slip: with negligible alip at only very low tractive

efforts. Thus a vehicle will often be sufferi
lit:iriccnco vithout being near failure, and wi
be This slip must be allowed for in calcu-

Little data is availabdle for the

g avare of it.
lations of speed made good.

slip of some
out the crew

amount st higher speeds, and thus slip is seldos taken into
account in perforsance assessments.
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onsiderable losses are involved for an engine installed

in a vehicle compared with on a test bed. There are further
losses in the transamission. A definite statesent is needed
of power actually available at the sprockets or wheels.

If the transsission is continuously variable (CVT) the
engine can run all the time at its peak speed. If there are
a series of gear steps, for much of the speed range the
engine will giving less than its peak power. graph of
pover against ground velocity shows a saw-tooth shape as power
rises to a peak in each gear. The relationship of the area
under this saw-tooth shape to the whole area gives the power
available effectively over the whole speed range: the Effect-
ive Power. The closeness of effective power to pesk power
will depend on the torque/speed characteristics of the engine,
and the nuaber of gears. Some examples of efficiencies and
effectiveness affecting net povwer are given below:

Engine Installation Losses: about 15%

Transaission Losses:
Gearbox: 8put7gour|: Bpicyc}%: gears; CVT

224
Final Drive losses: about 4%
Gearbox Bffectiveness: 4 gears: 6 gears: 8 gears: CVT.
(diesel engine) 81% 87¢% 91f 100%

Thus for a 1000 HP engine with 6 epicyclic gears:
1000x.85x.9x.96 = 734 peak HP at sproocket,
734x0.87 = 639 effective HP over whole speed range.

The runnin;hgonr will have inertia resistance when
accelerating. ere are very few published records of running
gear inertias. 1If complete vehicle data is not available,
the rotational inertia of an AFV running gear may be taken as
oguivalont to 108 of vehicle gross weight if tracked, and 15%
1if wvheeled.

The tracked running gear will give s hard-rosd resistance
to motion of 34 to 5% dependent on track weight, pitch and
tension. Resistance increases marginally with front sprocket
rather than rear. A typiocal figure for hard road resistance
would be 4$.

An all-vheel-drive wvheeled vehicle has a hard roed
resistance of about 2% with full differential action. When
off the road the vhesled vehicle will usually have greater
sinkage resistance. These hard ground resistances should be
added to the sinkuge resistances shown inm Pig. 3. In Pig. 3
is s line merking the combination of soil softness and ground
pressure vhere sinkuge resistance reaches about 208. This
is suggested ss the realistic meximum if, after allowing for
the sdditional hard ground resistence, there 1s to be suffi-
cient traction available to use for acceleration, hill
olisdbing, and maneouvering.

? Wagot *vagiy ¢
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* EI; veﬁicio in a small cgcco aust move cautiously, so

speed cannot be used to the ful At other times, obstacles
such as ditches are smaller to the large vehicle, so speed 1is
helped. In limiting conditions sise will often help: thus
soft tilth i1s less deep. Turning circle is often important

in reaching confined spaces. In good going the sharp turning
circle of skid steering is a great asset, though in limiting
conditions full use of it may halt the vehicle. Ground
clearance, side-slope stability, approach and departure angles
of the vehicle, and for wheeled vehicles the under-vehicle
clearance between axles, are other important secondary charac-
teristics. The characteristics of past vehicles give guidance
as to satisfactory levels.

A TO U ME.

Po () .

s section describes the methods used to forecast
perforsance over a journey by simulation using a computer
based model. Ideally, real vehicles would be driven over
real routes, but this is seldom possible, Tests would need
to be done in all seasons. In Europe, trial and test areas
are often on unrepresentative heathland, since its infertility
makes it unwanted for farming, and thus available. 1Its fira
sandy soil stands up well to the continuous traffic it must
bear. Rich cohesive olly.{ s0il would become a quagmire.
1t is therefore necessary to cull all the information possible
from whatever realistic tests there may be, and extrapolate
this by modelling. The oxpcriencodrgoraon has always done
this mentally to a certain extent. e modelling merely does
it more formally and thorou‘hly.

The sisulation allows "runs” by vehicles yet to be built,
and these runs can be readily repeated with various vehicle
parasaters altered, different route conditions, and drivers of
different aptitudes. The use of s cosputer allows inforsation
to be logged on a scale that would be impracticable without
& comprehensively instrumented test vehicle. The computer
progras can sort, process and print the inforsation in a fora
ready for use. The results fros the simulation can show the
user perforsances for various options of concepts, with the
current oguiplont for comparison. The designer can try out
various ideas. The results from the siasulation can be trans-

osed into test routines. They sllow calculation of component
ives and fuel consumption. Peacetime tests and training will
be on heathland, Both peacetime and war routes must be
modelled. The results of the simulation can have a wide use.
An enesy tank can be simulated to provide details of target
behaviour for use in fire control study. Both own and enemy
sovements can dbe used in wvar gasing.

!go oxicrna!.intluonooa can affect vehicle performance

Just as much as its own mechanical characteristics. It is
not possible to get realistio results for all phases of
vehicle use, since there are so sany assusptions that would
have to be sade on these external constraints. Howvever,
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there are many circuastances when a vehicle will be driven as
fast as poclizlo. and when the assumptions can be defined and
justified, and froa these can be got a good guide to vehicle
ability. There are conditions of traffic or tactical con-
atrlin{ under which the driver does not drive as fast as
possible, and personsl interpretations of the most suitable
speed vary widely. If the driver is holding the vehicle back,
the simulation ceases to be vehicle assessaent, and becomes a
study of human factore. The mobility of the vehicle is
important for those moments when it will be fully extended,
and thus the simulation must mocdel thes. Even so, variations
in ground conditions and driver behaviour can produce such
greater ranges of performance variation than vehicle attribd-
utes. Furthermore, a good driver will take great troubdle at
critical moments to mitigate the worst shortcomings of the
vehicle. Thus, with & diesel engine with turbo-charger, or a
gas-turbine, with marked lag ir throttle response, the driver
anticipates pover desand, if necessary dissipating early
veaker response by the brakes. Thus an intricate model to
simulate extreme detail of vehicle reaction msy not be warran-
ted by the relative sisze of errors dus to outside conditions,
and n{so may be confounded by the reactions of the driver. It
is thus possible to take a simple approach to the model.

;ﬁo a!luf:tIon loﬂitor- vehicle position slong the route,

noting fros the stored data the instantaneous gradient and
surface resistance. It looks ahead along the route to measure
the distance to the next hasard, such as a bump or a bend, and
from its record of speed limits at hagsards on the route, and
knowledge of instantaneous speed, applies the bdrakes, and then
liaits engine power desand to hold the required speed limit
through the hasard. The journey is a large nusber of flat-out
sprints ended by braking for a hasard, and interspersed by the
hagsard speed limits. The model refers to the stored data for
engine torque, gear ratios (1nclud1nt any torque converter or
other coupging effects) appropriate to ground speed, takes
account of losses and inertias, and derives instantaneocus
acceleration. Minor sub-routines operate during gear changes,
or when tractive effort exceeds grip. The caloulation is
reiterated at a rate which is a comproaise between cost and
accuracy. 4 reguler 1/10th second gives sufficient accuracy
bearing in mind the other large uncertainties.

!c!nng rouion fros real pieces of ground must be recorded

and used for the sisulation. The user will confound .ni
statistical handling of route paraseters. The natural land-
scape pattern, and sans' sudsequent use gives trends to the
ground characteristics. The prime task of the driver is to
sake the dest use of the srounds mininising any handicaps.
There are sose models, and some receiving some favour, which
treat areas of similar characteristics as "patches®, for which
averaged coriteria forsatters such as gradient and surfaee
roughness are used. This can de misleading. The work vehicle
fetching and carrying will choose the easiest route, and the
farser working the soil the sost a{progriato. The AFY crev
choose & route to keep themselves in sight of their frieads

T e
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giving covering fire, and out of sight of the enemy, and to
avoid any risk of getting bogged. A 8o called "cross-country®
journey will in Europe run much of the distance on roads or
tracks. When near the axis these make it worth a small detour
to use them for greater speed, with firmer smoother surfaces,
and culverts over ditches.

An example of the difficulty in interpreting statistical
statements on terrain is the oft quoted characteristic of
percentage trafficability. This gives no guidance as to the
ease with which a route might be picked between patches that
are impassable, An area might have say 108 non-trafficable
due to one deep fast-flowing river with steep high banks.

To somebody trying to move across the river it is a complete
stop to mwobility, but perhaps 1little penalty i1f moving astride
the river. Another area could also be 10§ non-trafficable

due to water obstacles, but with it in small lakes and ponds
with firs ground inbetween, allowing a route to be picked

with little difficulty in any direction to any part of the
area.

Route %ou%ng%g.
ributes such as soil and gradient control the resis-

tance which the vehicle must suffer, and roughness gives the
suspension speed limit. Modelling of an AFV in KW Rurope

can be limited to open country, since in towns and semi-urban
areas, and in woodland, tactical constraints will often limit
speed. The open faraland is the good tank country, where a
tank will move as fast as possible fros one tactical bound to
the next, and where automotive performance will be critical.
The arable land has been subject to many years of tilling, and
80 18 quite smooth: smooth enough for a tank, even with rela-
tively poor suspension, to move with speed unlimited bdy
roughness; even downhill in the dry season. Valley pasture is
also usually smooth due to its origins as silted scoured
valleys. For drainage or desarcation, fields tend to be
bounded by ditehes, banks or walls, which form quite severe
busps, and a block to vision beyond. Thus tho{ form quite a
savere hasard that sust often be taken quite slowly. During
the season of standing crops, the driver in a low vehicle may
not be able to see hasards until close, and must rely on his
comsander telling him when it is safe to go at full speed.

On roads and tracks the tvo speed limits are bends and
traffic. PFor an AFV in actusl cosbat, the "traffic" will be
in the form of destroyed vehicles, and 1f there is any risk
of delay or ambush, such hasards would be detoured.

Rogte E:{g.:.*;gg.
s only by collecting routes chosem in realistic

scenarios that the trends for route characteristiocs will
emerge. It would be exceedingly diffiocult to choose routes
vithout first visiting the area, since smaps do not show enough
topographical detail, and photo:rlgho need to be taken at
driver eye level. The ares sust aleo de visited to record
details of the profile and soil. The leagth of route needed
is consideradble. For any one landscape pattern routes totsl-
linf a few hundred kilosetres must be chosen and recorded.
Analysis of those routes will show the behaviour of route
paraseters such as gradients, soils, use of road and tracks,
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and the unimpeded movement distance between hasards (UMD).
Once this pattern is known, a sample route can be selected for
modelling, some 10km long, containing representative dis-
tributions of the parameters. Such samples must be collected
for each area of a particular landscape pattern, and for each
type of use. Thus for a tank, attack routes have trends
different to those for withdrawal.

Route preparation is an expensive, protracted, but
critical part of the sisulation. In default of the realistic
routes, short representative routes of about lkm can give
preliminary indications of performance. Experience with the
simulations has shown the importance of the choice of route,
the need for long samples, and the misleading results that
arise vhen the route is dealt with less roalgnticnlly.

Int tiv .

e effect of a hasard on the vehicle or driver depends
on its position slong a route, and will provoke different
reactions. Thus if still going slowly having {ult moved
forward from a fire position, a ditch oblique to the axis
might be crossed at once, because it would cause little delay.
But if the ditch was met at speed, a detour might be made to
cross it later., Changes in gradient and changes in soil soft-
ness are highly interactive. With a norlnlu!oarbox. a timely
down hill stretch can allow the engine to pull away after a
gear change. Any attespt to simplify route selection oould be
misleading. Synthetic routes can only be used for very
limited parametric variation to check modelling sensitivity,
not for actual assessment. There seems to be no statistical
Justification for using anything other than routes taken from
natural terrain, chosen for their realiss by knowledgeable
users.

The Dﬁivg;.

vers vary in boldnoss, appreciation of ground, and
skill at the con{rola. The cautious driver will slow right
down at a bump that could be "flown" at speed. The injudi-
cious will not slow down as required at a hasard, and then
will have to slow when he could have been going fast again to
allow the other crewv members to recover, and to recover his
own nerve. The skilled driver will sake perfect manual gear
changes, or override the automatic box just vhere needed to
inhibit unvanted gear changes: others loose time and punish
the vehiole.

It would be very difficult to get accurate details of
driver behaviour over the vorg routes used for sisulations,
and thus assusptions have to be made. A thoroughly obedient,
consistent dut tisid driver has been used in the modelling
that forms the background to this paper. Easards are never
"flown®, but always epproached witg casutioca. Braking and
cornering are slways done at the speeds to ensure the crev are
not discosfitted. This allows consistent and simple imter-
pretation of route inforsation.

It has been fouad for NW Rurope that UND of some 500a
night be typical. The different interpretations by the drivers
of hasard severity will tend to alter UND. However, for tle
sorts of powers beiag considered for AFVas of some 25 IP{ron
the results are not very sensitive to UND. (8ee Pig. 4).

—rem
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Suspension.

umps are a frequent hazard which limits speed. These
speed limits must be included in the simulation. Before a
run is modelled the route must be previewed, and suspension
speed limits established throughout its length. The suspen-
sion preview needs considerable detail of the route. The
whole micro-profile must be plotted. Account must be taken
of the extent this will be flattened as the vehicle deforms
the soil, and the extent to which remaining bumps will be
bridged by track links. The soil deformation takes time, and
acts as additional bump absorption adding to that of the
suspenaion. The driver can also help the vehicle over a
severe bump. All this must be accounted for.

At present so little information is available on route
micro-profile that any attempt to model suspension behaviour
as part of the simulation would be misleading: as it is on
some models that do so. Luckily it is possible to prepare
bump limiting speeds beforehand, and incorporate them in the
model input.

For NW European farmland, as already described, for an
AFV within a field, or on roads and tracks, it can be assumed
suspension is not a speed limit. The bump speed limits come
at field boundaries, or banks when joining a road. Taking
into account the limits to vision from crops, and the caution
of the assuméd driver, these will usually be taken at a very
slow speed. Due to the high speeds that are attained at other
points along the route, the results are not sensitive to the
actual speed that might be considered "slow". See Fig. 5.
Thus speed at bumps can be chosen arbitrarily: say 2 n/s.

For other terrain such as Savanne and Heathland, where
this assumption is unsound, during the dry season high powered
vehicles representative of various suspension ability can be
driven down the routes to establish limiting speeds. These
vehicles need not necessarily be of the right type: thus a
High Mobility Load Carrier,the Alvis Stalwart, running with a
little ballast at the rear can set a good standard. At the
slover limits, an unladen truck with leaf springs can be used.

sgggzgg‘.

peed limits on bends on roads are set by limiting side
force, with crev comfort the criterion. Power adbsorption
then is insignificant. Cross-country, sharp turns are
norsally made ¢oin{ slowly, so the power used will not affect
speed. At speed, turns are usually relatively small, and
thus power dissipated in steering insignificant. Thus power
consused in the steering can normsally ignored. However,
when taking evasive saneouvres, such as weaving to avoid being
hit, the power needed is & major consideration, and account
sust be taken of power used.

YALIDATION

o or output of the simulation is the average speed.
Examples are shown in Pig. 6, It will be seen that relatively
minor changes in soil str h are the equivalent of major
changes in vehicle potential. Thus the major constraint in
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accuracy is the lack of information in detail on the varia-
tion of soil strength from occasion to occasion.

Pgr{oE!;%gg !a&gsgfg.
slmple model is most vulnerable to inaccuracy during

strong acceleration from a standing start. The simulations
with which the author has been concerned had good confirsation
of realism by the close match of standing-start sprints bv
relatively high powered AFVs on a hard surface. Further
validation is got by driving a vehicle along the whole routes
modelled, to compare actual results with those of the simu-
lation. However, this needs a fair sample of drivers, and a
large recording team to take soil strength measurements before
there could be any changes. Thus for practical reasons,
validation is dependent on circumstantial evidence. However,
as an exemple of the order of accuracy, the validation of
standing-atart sprints showed that the match was sensitive to
the aerodynamic form factor: and this for AFVs limited to

90 ka/h. Confirmsation of assumptions on driver behaviour has
been possible by monitoring their performance in a driving
aimulator. This has been on & complex one, with a full lend-
scape model allowing the driver to pick a route. The vehicle
characteristics can be adjuasted to assess driver behaviour
over a range of performances.

CONCLUSLONS.

The mobility simulations can give realistic results and
allow the derivation of detailed data. The key issues are the
route, and the strength of the soil slong it, and the inter-
pretation of the route by the driver. comparison, vehicle
characteristice are known in finer detail, and a complex model
can simulate the vehicle very thoroughly. 8uch detailed
modelling has its uses for the study of component bshavicur.
However, to give detailed forecasts of performances in service,
there msust be {ood samples of truly representative routes,
with full knowledge of the variations of the soil strengths,
and of driver behaviours. Since the collection of such infor-
mation is a longth{ task, sisulations will perforce have to be
done on route samples shorter than ideal, and with ground
conditions kmown for only a limited number of occasions, with
little Imowledge of true distributions. Knowledge of driver
reaction is also likely to be limited.

With such a wide margin of uncertainty due to these in-
fluences, a simple model can simulate the vehicle character-
istics with cosmensurate accuracy. This can be quick and
cheap to run., It also allows most effort to be put to collec-
ting more accurate information on those compelling external
influences. Indeed, should some vehicle have an {diooyucrA|y
that at tises penalises it, and which might show up in &
detailed model, the modelling could mislead, since the idio-
syncrasy is likely to be alleviated by the driver making
allovances for it.

The simulations have their uses vhere the vehiecle is
driven fully extended without the driver holding back for any
conntrntning sirounstances, and where the vehicle is not at

risk of getting bogged.
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When comparing vehicles of very different ground
pressures, simulations which include sections of route where
vehicles are liable to get stuck can be misleading, since
drivers would be likely to chooase routes to suit the vehicle
ground pressures. To assess performance in heavy going a
clearer judgement can be got by consideration of the basic
criteria of ground pressure, expressed in the MMP system, and
with knowledge of the power to weight ratio. Secondary {
criteria, such as size, shape, and turning circle are also }
impc:tant.

A
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has served as a practical mathematical tool in control engineering and has
heiped in the development of control engineering as a separate branch of
engineering.

Theoretical contributions to the theory of governing were made by various
other scientists like Chebyshev in 1871, Vyshnigradeld in 1877 and Stodola,
Rouse, Hurvitz, Mikhailovsky and Liapunov later to name a few. Vyshnigradeki
published in his pnw&uphicu representation of the regions of stable,
and indeterminate stability in 1877 [2] which are widely used in analysing
the engine governor system and are known as Vyshnigradeki diagrams.

E

probiems
largely remained exparimental and empirical in nature
large number of varisbies of the engine as weil as that of the locads to which

the diesel are subjected to in their numerous mobile applications
(transport, agr , construction and road making machines, military loce-
motives etc.).

The centri governors used even today have some of the seriouws short-
comings give rise to increase in specific fusi consumption and decrease

in power output of these units when subjected to dynamic loading in comparison
with the corresponding values under static operation under laboratory conditions.

¢ le The less of power and fusi ecanomy can be upte 25 percent
\BERATURE REVIRY
have boen made in the pest war years to apply the theery
of control ing in order to understand the erratic behaviewr and imgreve
the performance of engine governor systems.
Thus Bujek's paper in 1903 (3] eutiines whe necessity of the preblem
has pointed
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of collaboration between engine industry, and academic institutions has been
emphasized by the authors.

The necessity of taking the effect of various parameters of the engine governor
system on its operation has been highlighted by Oldenburger in a paper pre-
sented to the American Society of ical Engineers in 1963 [3] He has
suggested a design of the hydraulic governor with a dash pot which makes
it possible to adjust the various parameters and thus change the time lag
of the governor to improve the performance of the system. He has shown
how with the change of parameters of the system the frequency response
and transient response characteristics can be varied to achieve the desired
results.

The improvement of the performance with load sensing has been proposed
by Webb and Janota [€) and Blair [7] This has been found useful in diesel
generating set application in order to meet their exacting speed requirements.

It should be pointed out here that in almost all the cases, the frequency res-
ponse curves for the engine and load system were obtained either experimentally
or through approximate analysis of the system and the engine transfer function
arrived at using Bode's plot.

and operational parameters of the system and cannot thevefore be of practical
value for developing engine governor system.

Bowns {8] in departure from the above authors who have used the continuous
control theory, tried to apply the con to

governor system in order to take into account the pulsed nature of working
of engine. It is to be pointed out here that the sampled data control theory
is not quite valid to centrifigual speed control since the speed is continuously

sensed by it and the time lag of is not a tixed quantity and may vary
from zero to the duration of one depending on at which instant of engine
cycle has the rack adjustment taken place.

Krutov [9,10,11,12,13] in his various books and papers published has presented
an integrated approach to the engine-governor-load system. MHe has given
a detailed derivation of the differential equations of ongine and governors.

the
The equations have been derived from the first principle and therefore the
various coefficients contained in the equations can be calculated from the
constructional and operational parameters of the engine and governor

The uwe of Routh Hurvitz criteria, Vy

of dynamic characteristics (Fig. 3) of the system.

The equations of engine and its various elements presented
show the interaction of variouws parameters of system of
have 10 be taken into account for achieving & quality governing {11]

|
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tion of the Inlet Manifold
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The synthesis and investigation of the dynamics of diesel engine is carried
out by the simultaneous solution of the above differential equations of the
engine and its various elements, governor and load. Besides verifying the
stability of working of engine-governor system, the quality of governing is
ascertained by the nature of variation of speed during transient operation. The
system of governing of engine should be such that the maximum overshoot
of speed,settling time and degree of insensitivity of governor do not exceed
the design values under all possible working conditions.

An examination of the above equations makes it clear that the system of
engine, governor and load comprises of a large number of interacting parameters.
Many of these parameters change in a wide range for the variation of load
and speed encountered and do not remain constant during the service life
of engine due to the wear and tear of the engine, fuel system and governor
parts.

ﬁ ﬁ Characteristics of
3

The results of investigations carried out by Krinetski (18] to study the effect
of various parameters of engine, governor and load for unsuperchar engines
on the amplitude of fluctuation of speed of engine with the variation of fre-
quancy of variation of load is shown in Fig. 4. It can be seen that the amplitude
of fluctuation of speed varies widely for different engines, fuel system, trans-
mission and load perameters. The optimum matchinhol the parameters of
engine, control system and Joad is therefore essential to achieve minimum
amplitude of oscillation of speed of engine. The fluctuation of speed of en"n:
under varying loeds is responsible for the deterioration of its power and 1
2CONOMY parsmeters.

Pig. 3a) shows the variation of m of oscillation of engine with the
frequency of veriation of loed for di values of time conetants occurring
In the equation of direct acting governors. It can be seen that the values
of these parameters have a very significant effect on the amplitude of fluctua-
tien of speed and sharply expressed resonance of frequency of osciliation
of speed can occur for certain values of these parameters.
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Fig. 3(b) shows the same for indirect acting governors with acceleration sensing,
flexible feed back connection and astatic governor with broken characteristic
of servomotor. It can be seen that this improves the quality of governing
considerably under certain conditions.

It was concluded on the basis of the above investigations that with proper
matching of the parameters of engine, joad and indirect acting governors
with automatic control of transmission can achieve the minimum fluctuation
of speed of engine under dynamic loading. The design of governor however
becomes very complicated and costly and cannot meet the requirements of
all the applications in which the engines are used.

The fluctuation of speed of engine under varying loads affects the quantity
of fuel and air supplied and the thermal condcitions of the engine. The injection
timing for the varying speed and load conditions also does not remain optimum.
The quick change of positive and negative accelerstions of crankshaft leads
to over regulation causing sharp decrease of brake parameters of engine and
even to its stalling.

The deterioration of fuel injection characteristics, charging and scavenging
of cylinders and changing thermal conditions during speed fluctuations of
crankshaft together with the varying velocity and nature of motion of fresh
charge in the combustion chamber leads to the deterioration of air fuel mixing
and combustion inside the cylinder, which leads to higher smoke density.

The inertia of mechanical devices for automatic control of injection advance
to quickly changing loads and speeds lead to deviation of injection advance
from its optimum value. This leads either t0 increased roughness of combustion
or late burning during expansion stroke.

in the case of turbo charged engine the air supplied is not sufficient for com-
plete combustion of fuel due to inertia of the rotor of turbocharger and mis-
matching of the characteristics of the turbocharger and the engine results
during transient working.

The friction losses during transient working change due to the change in the
hydrodynamic lubrication conditions and thermal lag. This coupled with the
power required to increase the kinetic energy of moving parts during accelera-
tions, greater losses during gas exchange processes and decrease of mean
indicated pressure of cycle leads to lower brake power output of the engine
when working under varying loads than when the load is constant.

The wear of various parts of engine also intensifies under loading
in comparison to the stable working conditions due to deterioration in lubri-
cation conditions, incressed maximum foroe and rate of rise of these forces
on various bearings. The wear under dynamic loading can be 30-60 percen
higher than under stable working conditions. The fuel consumption may thus
MWWWMMMM!W loads and the
asre ted by 10-23% by power output and 10-] by speed in order to
maintain identical service life. This can be clearly seen in Fig.6.

”~»

{

It is therefore clear that the
to dynamic loads should be kept as minimum as possible.

i
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EFFECT OF THE. PARAMETERS OF TOR E
ERISTICS ON PERFORM,

TORQUE SPEED CHARACTERISTIC [1]

The torque speed characteristic of a diesel engine has a flat shape and is
one of the reasons which necessitates the mounting of governor on a diesel
engine. The parameters characterizing the torque speed characteristic are:

M -M
i = -—m:—"—‘——-—z- - coefficient of reserve of turning moment,
r
"M
and Kn ¥ coefficient of speed
r
where,
max maximum torque developed by the engine
Mr - torque developed at the rated power output,
" - speed at maximum torque,
n - rated speed of engine.
of T t The maximum allowable loading
and the mean of operation of engine subjected to dynamic loading has

to be reduced as discussed earlier and the value of the optimum loading
coefficient,

w—?"—

the coetficient of brake specific fuel consumption

g
Kgeopt - i:m

the coefficient of power output, mean and minimum speed at optimum loading
point vary with u as shown in Fig.7.

It can be seen that with increase of u the power output and fuel economy para-
meters improve and the optimum torque speed correction is therefore neces-
sary for an engine for a given application.

W: The power and economy parameters of diesel engines
have maximum values at an optimum value of speed coefficient and decrease
with an incresse or decrease of the value of the speed coefficient (Fig. 8).
The decrease is more the higher is the loading and the oscillations of speed
of the engine. At higher values of coefficient of speed not only power output
of engine decreases but its control also becomes more difficult. The speed
coefficient should therefore have an optimum value depending on the type
of application and the loading cycle encountered.

GOVERNING CHARACTERISTICS [11,1)

The coefficient of non-uniformity of speed and the degree of insensitivity
of governor affect the working of engine to a great extent. The values of
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these parameters do not remain constant for the complete speed range encoun-
tered in various applications and increase as speed decreases. The various
measures adopted for overcoming this drawback like using idle spring, main
spring with variable inclination and variable stiffness etc. only partly solve
the problem

23

of s For a high degree of insensitivity of governor, the

not correspond to the instantaneous value of load. This leads to

the reduction of output of engine, overconsumption of fuel and makes the
control of engine more difficult.

When the degree of insensitivity is very small, the high frequency oscillations
of load on the engine crankshaft may give rise to oscillations of fuel pump
rack under certain conditions. The oscillations affect the working of governing
system, may even lead to over regulation and increase the wear of parts

of governor.

id of governor is determined by its con-
par ‘ stiffness of spring. Very small values
of this parameter may give rise to instability of ing of diesel
under fluctuating losds and greater values may induce high oscillations of
speed and impermissibly high maximum idling speed. This makes the control
of engine more difficult and increases wear of engine.

It is clear from what has been sald above that the mechanical g
devebpedl«admnpﬂiuthnmwtmﬂeotwmmm
necessary for meeting the requirements of the wide ranges of speeds and
loads encountered in mobile applications for the entire service life of engine.
When using the same engine in a different application, the mechanical govern-
ing system cannot provide the eptimum control of engine and deterioration

of . The torque speed correction can introduced in the software
thus y changing the coetficients of reserve of torque and speed depending
on the requirements of jsads encountered in a particuler application. The

RO .
ARy T S o, N e T
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engines and applications encountered. Thus a single pump can be mass produced
with a simple zero calibration and the individual engine calibrations are con-
tained in the software.

There is also the potential to program the system to diagnose and correct
malfunctions and EGR control, altitude compensation, starting control, trans-
mission control, idle speed control, and various other information on vehicle
cruise and fuel consumption can make the microprocessor control the most
cost effective solution.

CONCLUSION

It is clear from the above discussion that the mechanical controis are not
in a position to meet the requirements of various mobile applications in which
diesel engines are used. The microprocessor control is capable of providing
the flexibility necessary for the optimum control of speed and keep the fluc-
tuation of speed to a minimum thus ensure all round best performance of
diese! engines used in mobile applications.

Nomencisture
- coetficient of disturbing force of governor;
- stiffness of dashpot spring;
- restoring force of governor;
- cyclic fuel delivery;
- rate of flow of air through the compressor;
- rate of flow of air through the engine;
rate of consumption of fuel;
- rate of flow of gases through the turbine;
- compressor blade angle setting;
- turbine blade angle setting;
- lower calorific value of fuel;
- number of cylinders in the engine;
- mass moment of inertia of the moving parts of engine
- mass moment of inertia of rotating parts of turbo-compressor;
- index of polytropic compression in compressor;
e index of polytropic expansion in turbines
NL - load setting;
Pc - pressure of air after compressor;
Py - pressure of gases before turbines
t - srithmetic mean period of micro-fluctuation of load;
T - arithmetic mean period of macro-tluctuations of load;
s ratio of speeds of governor and engine;
A C ratio of dashpot lever;
V_ - volume of exhaust manifold;
V. - volume of inlet manifold;

7.‘&4 - -_::ﬂ:qn_‘ﬁ’ﬂnnr I"lle’ »
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- displacement of dashpot;

- displacement of governor sleeve;

- coefficient of excess air:

- non-dimensional parameter of change of load setting;

- non-dimensional parameter of change of position of speed setting lever;
- arithmetic mean value of the amplitude of mi cro-fluctuations of load;
- arithmetic mean value of the amplitude of macro-fluctustions of load;
- time interval;

- brake thermal efticiency of engines

- volumetric efficiency of engine;

- coefficient of viscous drag;

- density of air in the inlet manifold;

- number of strokes per cycle of engine;

- angular speed of rotation of engine crankshaft;

- angular speed of rotation of turbocompressor;

- reduced mass of the moving parts of the governor;
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§ ELECTRONIC-COMMUTATOR AC/DC MOTOR-DRIVEN TRACKED ALL-TERRAIN VEHICLES

AD-P004 383

WITH EXTREMELY HIGH MOBILITY

8.7. FIJALKOWSK! M.G. Bekkero dediocatim

THE THADDEUS KOSCIUSZKO* MEMORIAL CRACOW POLYTECHMIC, CRACOW, POLAND

INTRODUCT 1ON

'Tracked all-terrain vehicles' is a general term which includes all types
and sizes of soft wet land- end snow-traversing vehicles. All such equip-
ment must meet the highest standards of safety, comfort, relisbility,
flexibility, durability and mobility and work under the most arduous oper~
ating conditions. Because of thelr unique all-terraln capablilities, the
tracked ali-terrain vehicles are also used for nonmillitary purposes, par-
ticularly in those cases where extremely high mobl)ity over difficult ter-
rain is required. For example, these vehicles can be used in conjunction
with electrical power transmission- and natural gas or oll pipe-line erec-
tion and the servicing and maintenance of existing transmission- and pipe-
~lines.

The key to the exceptione! all-terrain capabilities of the tracked all-ter-
rain vehicles are their low specific ground pressures. These are as little
as 100 hPa when fully loaded, which are less than half the specific ground
pressure of an adult and about twice the valus of person moving over snow
on skis. This mesns that fully loaded tracked all-terrain vehicles can ne-
gotiate soft wet land ie swamps, which will be impossible for any wheeled
off-road vehicle and extremely difficulit for anybody on foot. Their out-
standing oversnow capabliiities make them equally moblle over land covered
bWy deep snow. Besides, the tracked all-terrain vehicles in their standard
versions, with norme! tracks are fully amphiblous without any special pre-~
parations having to be taken.

At present, greater and greater demands are being placed on manufacturers
not only for safety, comfort, rellability, flexibility, durebllity and mo-
bility but also for energy saving, particularly liquid fuel economy of all
vehicles.

Todsy's compliicated energy situation wil) meke It necessary to give great-
er priority in the use of slectrical energy in modern newly designed en-
ergy-saving propulsion systems for tracked all-terrain vehicles with ex-
tremsly high mobility. In most cases these propulsion systems permit the
feeding back slectrical energy to the energy store in conjunction with
braking of the vehicle.

in different parts of the world today there Is & lot of activity going on
with construction of such energy-saving propulsion systems for tracked all-
-terrsin vehicles with extremsly high mobility. Among many proposed ideas,
those of hybrid-electric propulsion systems are dominant. Mybrid-electric
propulsion systems ere hybrids in which at least one of the energy stores,
sources or convertors can deliver electrical energy!.

— ¢ s+ e, et 87 b




Modern newly designed energy=-saving hybrid-electric propulision systems
work on tracked all-terrain vehicles are being done with only two snergy
sources and therefore are considered only internal-combustion (IC) engine/
traction-duty (TD) storage battery - hybrid-electric propulsion systems in
which there are liquid fuel for the IC engine, and a secondary TD storage
batteries for the traction electric motors or motorized wheels driving the
vehicle tracks.

In the ‘'serias’' hybrids they use an IC engine-driven brushliess and com-
mutatorless alternating-current (AC) generator ie alternator or brushless
electronic-commutator direct-current (0C) generator which recharges TD
storsge batteries and supplies traction brushless electronic-commutator
AC/0C motors or motorized wheels.

in the ‘paralliel' hybrids they use an IC engine-driven/supercharging brush-
less electronic-commutator OC dynamotor which acting as a DC generator re-
charges TD storage batteries and acting as a DC motor supplied by TD stor-
age batteries supercharges IC engine. It is a simple method of obtaining a
very considerable increase in power and liquid fuel economy.

The productivity of these tracked all-terrain vehicles is determined by the
amount of slectrical energy avallable in the storage batteries and propul-
sion system efficiency.

Electronic-commutator AC or OC motors and motorized wheels can be widely
used in modern newly designed energy-saving hybrid-electric propulsion sys-
tems for tracked all-terrain vehicles. With torque and speed control it is
possible to vary the power input to AL or OC motors and motorized wheels
using modern power electronics. The rapld development of power electronics
and contemporary sonocrystal and amorphous semiconductor slectrical valves
during the last two decades allows one to select either an AC propuision
system (o9, AC gensrator ie alternator and three- or five-phase electronic-
-commutator AC motors) or a DC propulsion system (eg, electronic-commutetor
0C generator and electronic-commutator 0C motors), in these cases where
speed control with low losses is desired.

STATE-OF-THE-ART, 1980

As an historical side-1ight, it cen be mentioned that tracked all-terrain
vehicles ware used for nommil itary purposes in the begining of 20th cen-
tury. An early 1900s 'Rolls-Royce' half track vehicle (snowmobile), in
which Viadimir 1lich Ulyanov - Lenin was driven (Fig. 1) is at the Lenin
Museum In Gorki (30 km from Moscow), USSR.

A 19703 small half track snow-traversing vehicle menufactured in the USSR
s shown In Figure 2.

In 1970s, the traditional method, particularly before the ol crisis, wes
to control the speed of the propulsion system for tracked ali-terrain ve-
hicles with conventiona] transmission toothed geers, ususlly providing for
selection of only thres or four specific rotatiana) speeds of the IC en-
gine’s crankshaft for a given ground speed; with hydraulic or magnetic
couplings, etc.

The present inability to harness the IC engine’s peak powsr at all ground
speeds should scon be remedied with the introduction of continuously vari-
able trensmission (CVT), which in combination with some single gearing
makes it possible to choose @ continuous renge of 1C engine’s cranksheft
rotational spesds associated with a given power ocutput, which can be se-
lected automsticel!ly by 8 microprocessor-besed propulsion controller. In
most cases these were good solutions to the torque and speed control prob-
lem in view of the low investment costs and moderate operating costs then
prevailing. Wnhile conventional transmission toothed gears had high effi-
clencies, the CVT of that day employed a torque convertor for coupling the
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Fig. 2 Contemporary smsl! snow-traversing vehicle
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IC engine’s crankshaft to the trensmission gear sets, which introduced
energy losses that were tolersble for the IC engine powered tracked all-
~terrain vehicles, but significantly increased the energy consumption of
the electronic-commutator AC/0C motor~driven vehicles. Now that the costs
of energy have increased a calculation of the investments made today

shows that the costs representing losses constitute a considersble propor-
tion of the total costs.

Energy-saving hybrid-electric propulsion systems using microprocessor-
~based propulsion controller for tracked all-terrain vehicles with ex-
tremely high mobility then become an sttractive sliternative.

Till now propulsion systems for tracked ell-terrain vehicles operate
through transmission toothed gears, which can be integral with vehicle
assembly. There is no doubt that from the viewpoint of the energy-saving
toothed-geariess hybrid-electric propulsion systems for tracked all-ter-
rain vehicles themselves the use of a separate, low-frequency brushless
electronic-commutator AC or OC motor on each driving axle prefersbly dir-
ectly driving the tracked vehicie wheel without sny reductlion gear or
motorized wheel directly driving the vehicle track Is the idesl. This ar-
rangement will produce the minimum maintenance and the most robust equip-
ment. Unfortunately the need for variable torque and speed operation of
these energy-saving toothed gearless hybrid-electric propulsion systems
has in the past made this ideal difficult to realize. It has necessitated
the use of variable low-frequency IC engine-driven rotating generating
plant. In itself has this plant proved to be either expensive or difficult
to maintain. It Is not surprising, therefore, to find that when static
electronic cosmutators for electrical mechines became available in the
1960s, capable of fulfilling this need, that they should be tried. These
early static electronic comutators for electrical mechines used monocrys-
tal semiconductor controiled valves called thyristors in bridge connect~
ed circuit using forced commutation technique.

The rapid develepment in the performences of gate turn-off (GTO) thyris-
tors called trigistors during early 1970s significantly changed this pic-
ture as it wes clear that electronic comutators using trigistors in a
matrix connected circuit could be considered, the turn-off time of trigis-
tors being at least an order better than thyristors. Turn-off time of
trigistors t .., < 1 ws. In the nearest future the electronia cemmutators
using S. Ovsh y's amorphous semiconductor controlled valves called ovon-
ics in s matrin connected circuit will be considered and used.

ENERCY-SAVING TOOTHED-GEARLESS HYBRID-ELECTRIC PROPULSION SYSTEMS

The energy-saving toothed-geariess hybrid-electric propuision system rep-
resents an interface betwsen the IC engine~driven brushiess commutatoriess
AC genarator ie slternstor or brushless electronic-commutator 8C generator
and/or the on-board TD storage batteries and the traction brushless elec-
tronic-commutator AC/DC motors directly driving the tracked vehicle wheels
without any reduction gears or motorized wheels directly driving the ve-
hicle tracks, heving the overall function of controlled energy conversion
from chemical into mechanical, mechanical into electrical or chamical into
electrical and electrical into mechenical. Recentiy, It mekes availlable
solution for satisfactory design of a tracked all«terrain vehicle having
performance and propulsion quality compareble with tracked all-terrain ve-
hicles powsred by a direct injection turbocherged IC engine with the CVT,
Because of their simple and robust design traction brushiess electronic-
~commutator AC or OC motors and motorized wheels, would be preferable to
the traction rotating-mechanoslectricel-commutator AC or DC motors and
motor ized whesls for any torque and speed control applications, particu~
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larly in modern newly designed energy-saving toothed-gearless hybrid-elec-
tric propulsion systems for tracked all-terrain vehicles with extremely
high mobility. The torque and speed control of traction brushless elec-
tronic~commutator AC or DC motors and motorized wheels using direct AC-AC
(cycloconverter-type) and indirect AC-AC (DC link-type) or direct DC-AC
(inverter-type) electronic commutators gives large benefits for these pro-
pulsion systems.

In recent years a very rapid development of direct and indirect electronic
commutators has taken place. It is now technically possible to use such
electronic commutators for torque and speed control of traction brushless
electronic~commutator AC or D¢ motors and motorized wheels in new energy-
-saving toothed-geariess hybrid-electric propulsion systems. The use of
direct and indirect electronic commutators has already been automatically
accepted in these propulsion systems and as the costs of contemporary elec-
trical valves fall their use will be extended.

1C engines. Today's most efficient IC engine for electronic~commutator AC/
6C motor-driven tracked ali-terrain vehicles is the diesel (D) engine (it
is difficult to find a more efficient energy source).One of the inherent
advantages of this IC engine and of some other IC engines in which liquid
fuel is injected directly into the cylinder is that the efficiency fails
more slowly then the efficiency of otto engines, in which the fuel and air
are mixed before belng drawn into the cylinder. Another advantage is that,
unlike otto engines, they do not have to be fed extra fuel when they are
started cold. In calculating the fuel economy of modern newly designed en-
ergy-saving toothed-gearless hybrid-electric propulsion systems for track-
ed all-terrain vehicles it is assumed that the vehicles will be equipped
with direct-injection turbochargedD engines. The rotational speed of the
IC engine’s crankshaft can be regulated by an electro-hydraulicaslly (or,
as an alternative electro-pneumatically) controlled engine speed control-
ler. The control shaft of the latter Is coupled to the engine fuel pump by
means of an sdjustable linkage system and the angular position of the con-
trol shaft determines the rotational speed of the IC engine’s crankshaft.
Special attention has been devoted to copling with IC engine exhaust fumes
in order to reduce the impurities in the ambient alr as far as possible.
The IC engine exhaust fumes are thus filtered in a catalytic cleaner and
then in a scrubber. From the latter, the exhaust gases are carried through
a pipe down under the vehicle. The IC engines are in themselves very si-
lent and in combination with the systems used for cleaning exhaust gases,
the total noise is strikingly low.

The IC engines drive the following units:

- the brushliess commutatoriess AC generator ie alternator or brushless
electronic-commutator DC generator which supplies current to the
brushless electronic-commutator AC/0C motors or motorized wheels and
charges on-board TD storage batteries;

- the auxiliary storage battery charging OC generator with an integral
electronic commutator;

- the cooling-air fan blower or cooling »i| pump for coaling of the
traction electric motors or motorized wheels;

- the hydraulic pump for the hydraul ic-motor-driven radiator fan;

- the pump for the cool ing-water system for the IC engine.

I1C_engine-driven AC/DC generators. When a special source of alternating or
rect current must prov or such applications as ensrgy-saving

toothed-geariess hybrid-electric propulsion system operations or (n gen-

eral explosive or extremely wet ambient conditions prevail, it (s desir-

able or even essential that a brushless type of AC or DC generator be em-
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ployed. This eliminates all sliding contacts and avoids the destructive ef~ !
fects that result from electrical arcing.

The unique feature of brushless commtatoriess AC generator ie alternator
or brushless electronic-commutator DC generator Is its use of an suxiliary
exciter electronic commutator which, mounted on the shaft of rotating ma-
chine, connects the AC output of a rotating electronic-commutator 0C ex-~
citer-generator to the rotating field of the energy convertor.

The entire excitation circuit, le, an auxiliary exciter electronic commuta-
tor, and OC field, therefore, relates as » unit and el iminates the need for
slip rings and brushes.

The primary source of mechanical power for the brushless commutatoriess AC
generator or brushless electronic-commutator DC generator in energy-saving
toothed-gearless hybrid-electric propuision systems for tracked all-ter-
rain vehicles is generally an IC engine which drives the field - electronic
commutator - exciter assembly, while the stationary OC field of the elec-
tronic-commutator OC exciter-generator, energized from the output terminals
of the AC or DC generator, builds up through a bridge-connected rectifier
or DC chopper.

A bridge-connected controlled rectifier or DC chopper in the latter clircuit
is uysed to adjust the voltage output of the DC exclter-generator which in
turn, regulates the DC excitation and the AC or DC output voltage of the
AC or DC generator.

1C engine=driven brushless commutatorless AL generators le alternators or
brushless electronic-commutetor DC generators for eRergy-saving toothed-
~gearless hybrid-electric propulsion systems have & polyphase (three- or
five-phase) armature winding and one or more pairs of magnet poles, gener-
ating a magnetoelectric (permanent rare-earth magnet poles) or an elec-
tromsgnetric ( electromagnet poles) fleld. The latter have a seif- and »
separately-excited field winding. The armaturs and fisld windings are de-
signed with class F Iinsulation. The AC and DC generators sre self-ventil-
ated and designed with two bearings, feet and two shaft-ends. Through the
one shaft-end, the AC or DC generator is directly coupled to the flywheel
of the 1C engine by means of a disc couplings. On the other shaft-end is
fitted the whee! for the centrifugal fan blower or oil pump which supplies
cooling air or oll to the traction brushless electronic-commutator AC/0C
motors or motorized wheels. The rated cyrrent of the AC and OC generators
can be overlosded by 100 per cent over a short period.

The sinusoidal induced armature voltages generated by the 1C engine-driven
AC or OC generstor sre of equa! magnitute and phase-displaced by 2i/m (m -
armature winding phase number) owing to the fact that the armsture winding
phases have an equal mumber of turns and are squally spaced.

An 10 engine-driven brushless commutetorless AC generator ie alternator or
brushless electronic-commutator OC generator can supply the brushless elec-
tronic-commimtos AC/0C motors or motorized wheels.

IC engine~driven DC generators have undergone considerable change In recent
years. In the past DC generstors with a rotating mechancelectrical commu-
tator have been universal. These have @& polyphase armature winding which
rotates between fixed field electromagnetic poles, also a rotating mechano-
electrical commutator which rectifies srmature induced voltages generated
in the polyphese armature winding to an armeture induced DC voitage and
lets it be picked up by & palir of carbon brushes. It has become difficult
for DC gensrators with a rotating mechanoslectrical commytator to meet the
modern newly designed energy-saving toothed-geariess hybrid-electric pro-
pulsion system’s hesvy demend for rating power without being wade larger
and heavier, and the trend is to use brushless type OC generstors with a
static electronic commutator, which size for slize, can generate more power.
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The armature induced AC voltages generated by the machine's srmature wind-
ing cen be converted into armature induced DC voltage in order to charge
the TD storage batteries and to supply the brushless electronic-commutator
AC/0C motors or motorized wheels, and this can now be done by & static
electranic commutator using only diode type electrical valves. An advan-
tage of the brushless type DC generators with a static electronic commuta-
tor is that, having field magnetoelectric (permanent rare~esrth magnet)
poles rotating between a fixed three- or five-phase armature winding,

it can be made 8 brushless design without an exciter and in that case it
is equally easy to service as & contemporary squirrel-cage subsynchronous
(induction) AC motor.

On-board traction-duty storage batteries. Electronic-commutator AC/DC
motor-driven tracked all-terrain vehicles with extremely high mobility can
be fitted with a choice of traction-duty (TD) storage batteries of various
capacities. The capacity can be adapted to the requirements of acceler-
ation, gradient ability, ground speed and operational intensity. TD lead-
~acid storage batteries are normally used in the tracked all-terrain ve-
hicles and the battery compartment is adapted to this. Generally, they are
placed in the vehicle body under the floor. Apart from supplying operating
current to traction electronic-commutator AC/DC motors or motorized wheels
and control equipment, the storage batteries also feed current to al!l aux~
iliary equipment such as the hydraulic pump or air compressor for the
braking systems, retarders, stc.

Severe demands sre imposed on TD storage batteries, since they operate
under arduous conditions from both the electrical and mechanical points of
view, Apart from being mechanically strong so as to be able to withstand
shocks and vibrations, such batteries must also have a long life, for
example, withstand a large number of discharges. They must also have # low
internal resistance so that a high voltage is maintained during discharges.
The TD lead-acid storage betteries used in tracked ali-terrain vehicles
satisfy these requirements and, furthermore have & high capacity per volume
unit. Experience has also shown that these batteries are insensitive to the
pulsating current resulting from the use of the traction electronic-commu-
tator AC/DC motors or motorized wheels.

However, electronic-commutator AC/0C motor-driven tracked all-terrain ve-
hicles with extremely high mobility require simple on-board TD storage
batteries having a capecity that is at least ten times that of present
lead~acid storage batteries. The appearance of new 1ithium-sulphur and so-
dium~sulphur-type storags batteries in the next few years mey profoundly
affect tracked all-terrain vehicle design. Technically, the energy density
of these new storage batteriss is five to ten times grester than the con-
ventional lead-acid batteries. Practically, what this msans is that the
modern new!ly designed energy-saving toothed-gearless hybrid-electric pro-
pulsion systems for tracked ali-terrain vehicles will have acceleration
and speed capablility of present conventiona! compact.

Static slectronic ET".'Q?' The ldea to dasign fully static slectronic
commutator for conversion of AC or OC voltage to a variable frequency AC
voltage in order to be abla to control the voltage and frequency of an AC
or a OC gsnerator and the torque and speed of an AC or a DC motor is by no
means new. (f one studies old Viterature on the static converters, one can
observe that such electronic commutetors were described as early as the
begining of the 1920s2-*, Mowever, such electronic commutators did not gain
wide acceptance and most of the ideas did not leave the laboratory.

The fact thet this wes so may be sttributed to the characteristics of the
slectrical valves available to the scientists in these days.
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tt was not until the 1960s that scientists were glven the possibility to
solve this problem by introduction of the semiconductor controlled rec-
tifier (SCR) called thyristor. At the same time, it has besen possible to
introduce the rapid integration of electronic components in the control-
lers included in static electronic commutators.

In this wey, the static electronic comwutator has evoived from a power am-
plifier to advanced process equipment incorporating microprocessors for
fully automatic control, monitoring and protection.

In the 1980s, as static electronic commutators for electrical machines are
developed and put into practical use, the demands for fast-switching thy-
ristors with high performances, such & higher blocking voltage, shorter
turn-off time, and larger current cepability, are increasing in order to
make more efficient, more compact, and more economical. However, as it is
well known, it Is very difficult to design fast-switching thyristors with
high blocking voitage and high-current capability as well as short turn-
~off time.

Recently attention has been focused on the reverse-conducting (RC) gate
turn-of f (GT0) thyristor, called the RC trigistor and the symmetrical (S)
gate turn-off (GTO) thyristor, called the GTO symistor or § trigistor as
fast-switching semiconductor controllied valves which have the feasibility
of overcoming this difficulty. The electrical valves proved to be success-
ful for practical electronic commutator applications, and Importent app!li-
cation data were obtained. These S and RC trigistors have been used in en-
ergy-saving toothed-gearless propulsion systems with regenerative braking
for electronic-commutator AC/DC motor-driven tracked all-terrain vehicles
and have the advantage of meking them more compact, less expensive, and
of lighter mass than conventional reverse-blocking thyristors with free-
wheeling diodes.

Static electronic commutators can be divided into two main groups: direct
and indirect commutators. The direct electronic commutator s Iinput !ine-
~commutated cycloconverter and technically is closely related to the re-
versible electronic commumter for DC electrical machines. A cycloconverter
wes originally developed as s frequency changer for rall-traction supplies
at 163 cps in the 1920s and 1930s". Its greatest shortcoming is the moder-
ate frequency range (0 to about § of the Input-tine frequency). This make
it of interest especially for three- or five- phase electronic-commutator
AC electrical mechines which may be used for energy-saving toothed-gesr~
less hybrid-electric propulsion systems. The cycloconverter s the most
flexible of the electronic commutators. It transfers active snd resctive
power in both directions, allowing a driven machine to operate at eny
power factor, wotoring end gensrating. It s particularly useful for rever-
sible propulsion systems in srduous situations, eg, for tracked all-terrain
vehicles where the robustness of the traction electronic-commutator AC
motor or motorized whee! makes it desirable alternative to the more common
traction rotating mechancelectrical-commutator DC motor or motorized whesl.
The indirect electronic commtator, where the frequency conversion takes
elace in two stages (via rectification) mey be divided in their turn into
two subgroups: electronic commutators with current source DC 1ink (without
storage betteries) and electronic commutators with voltage source OC Vink
(with storage betteries or capacitors). Finslly, electronic commutators with
voltage source OC link are avalilsble in two kinds: these with variable OC
link voltage and these with constant BC 1ink voltage. A charscteristic fea-
ture of an electronic commutetor with voltage source DC link is that the
output impedence from OC 1ink flilter Is low, bDeceuse 1t includes storage
betteries or cepecitors. Storage batteries are acting as capacitors. An
electronic commutator with current source BC tink, #s & rule only have an
inductor as filter.

T g g T v



T

4

1063

During the 1970s 8 research group at the Thaddeus Koiciuszko Memorial
Cracow Polytechnic (Politechniks Kraskowska im. Tadeuszs Kodciuszki) -
Institute of Automotive Vehicles and Internal Combustion Engines (the
leader of the research group, Dr B.T. Fljatkowski) has developed static
electronic commutators of a cycloconverter~type and all three variants of
the DC link-type for low-frequency traction three- or flive-phase syn- and
asynchronous brushless electronic-commutator AL motors and motorized wheels.
Besides, this research group has developed an electronic commutator for DC
dynamotors (0C generator/motor). All these electronic commutators can be
used in energy-saving toothed-gearless hybrid-alectric propulsion systers
for tracked all-terrain vehicles with extremeiy high mobility.

Traction electronic-commutator AC/DC motors and motorized wheels. A mass

of the traction brushiess electronic-commutator AL motor or motorized

whee! with a lowered rating frequency is greater than the mass of the same
AC motor or motorlzed whee! with the rating frequency of 50 cps or 60 cps.
An optimum rating frequency for the AC motor or motorized wheel with the
towsred rating frequency is equal l&} cps to 25 cps. At further lowering
of the rating frequency the mass of the AC motor or motorized wheel is
quickly incremed. The power and the efficliency of traction AC motors or
motorized wheels depend on frequency which the motor or motorized wheel
normally opsrated at. For example, the 163 cps traction AC motors or motor-
ized wheels have a power factor of .96 to .97 at rated operating condi-
tions, and their efficiencies are sbout 90 per cent, whereas motors and
motor{zed wheels of the same type operating at 50 cps have s power factor
of .06 to .89 and efficiencies of about 85-89 per cent.

The traction three- or five-phase syn- or subsynchronous (induction) elec-
tronic~commutator AC motors or motorized wheels with a lowered rating fre-
quency are the most usudl occuring. In energy-saving toothed-gearless hy-
dbrid-electric propulsion systems for tracked all-terrain vehicles with ex-
tremely high mobility these traction AC motors or motorized wheels gen-
erally run with an adjustable speed. One contro! method then is frequency
control of traction AC motors or motorized wheelis. This means that the
output~line frequancy of the electronic commutator (proportionsl! to the
speed) may be varied. These propulsion systems are suitsble for those
tracked all-terrain vehicles where the advantages of the traction AC motor
or motorized whee! as high relisbility, low maintenance, low mass and
small size as well as the absence of rotating s)liding contacts with carbon
brushes and generslly also a shaft transducer (tachomster) are particuler-
\y appreciated.

Sscouse of their simple and robust design traction brushless electronic-
~commutator AC sotors and motorized wheels, and then above all magneto-
slectric (permenent rare-sarth magnet poles) syn- and subsynchronous (in-
duction squirrel-cage) AC motors and motorized wheels would be preferable
to the traction rotating mechancelectrical-commutator OC motors and motor-
ized wheels for a torque and speed control application, particularly in
modern newly designed energy-seving toothed-gearless propulsion systems.
Traction synchronous electronic-commutator AC motors and motorized wheels
will be frequently used in rosd and off-roed hybrid-slectric tractions re-
quiring toothed=gearless propulsion system having & high output in combi-
nation with & high speed.

The principal ressons for the choice of this AC motor or motorized wheel
type sre:

= A traction synchronous electronic-commutstor AC motor or motorized
whes! with & powsr factor, sg, .96 or more generally has a considersble
higher efficiency (up to | per cent higher) than the corresponding trac-




tion subsynchronous (induction) electronic-commutator AC motor or motor-
ized wheel.

= A trection synchronous electronic-commutator AC motor or motoriazed
whee! can generste reactive powar unlike all traction subsynchronous AC
motors and motorized wheels, which consume reactive power.

« A traction synchronous electronic-commutator AC motor or motorized
whee! is very robust and wel! protected against mechenical damage, which
could be caused by sudden load or electronic-commutetor output-line vari-
ations,

- The rotor of & traction synchronous electronic-commutator AC motor
or motorized wheel is considerably more rigid than that of a traction sub~
synchronous electronic-commutator AC motor or motorized whee! becsuse of
its dezign with permanent rare-earth megnet poles.

= A large alr-gap and permanent rare-earth megnet poles make It essy
to mount, dismantle and align the machine. Since the traction synchronous
electronic-commutator AC motor or motorized wheel is also aveilsble in 2
brushless design, it Is equally easy to service as a traction subsynchron-
ous (squirrel-cage) electronic-commutetor AC motor or motorized wheel.

- The torque versus current cheracteristic during acceleration is
considerably better for a traction synchronous electronic-commutator AC
motor or wotorized wheel than for traction subsynchronous (squirrel-cage)
electronic-commutator AC motor or motorized wheel. A traction synchronous
electronic-commutator AC motor or motorized whes! has both a lower current
and a higher torque during acceleration. In addition, the lower current
implies & smaller voltage drop. This makes the accelerstion performence of
a traction synchronous slectronic-commutator AC motor or motorized wheel
stil| more superior to that of a traction subsynchronous electronic-commu=~
tator AC motor or motorited whesl, since the voltage influences the breask-
away torque as a square.

= Owing to the permenent rare-earth magnet poles the rotor has a large
thermal capecity. A traction synchronous electronic-commutator AC motor or
motorized whes! therefore withstands ltonger transient times than a trac-
tion subsynchronous (squirrel-cage) electronic-commutator AC motor or
motorized wheel.

Traction synchronous electronic~commutator AC motors and motorized wheels
can generate resctive power (through overexcitation), which meks thes par~
ticularly suited for electronic~commutator acceleration. From the torque
versus current characteristic viewpoint electronic-commutator acceleration
is equivalent to traction rotating mechancelectrical-commutator 0C motor
or sotorized wheal scceleration, whose good characteristics are well known
from existing hybrid-electric propulsion systems for tracked all-terrain
vehicles.

Since its Introduction in the 1898s, the subsynchronous induction squirrel-
~cage AC motor have besn the peragon of a robust and relliable source of
propelling powsr. Over the years, however, trection subsynchronous (squir-
rel-cage) electronic-commutetor AC motors and motorized wheels have under-
gone rather considerable changes. To begin with, they were overdimens ioned,
both mechenically and electrically. They were naturelly expensive to manu-
facture and purchase. Recently, traction subsynchronous (squirrel=-cage) AL
motors and motorized wheels are being menufactured rationally. They are
subject to internstional stenderds, are carefully dimensioned and are inex-
pensive.




One of the most valuable characteristics of the existing rotating mechano-
electrical- or modern newly designed electronic-commytator DC motor or
motorized wheel is it ability to provide a wide range of easily adjustable
speeds. This benefit is particularly important because a high degree of
spead control is often essential to electric motor-driven tracked all-ter~
rain vehicles. To control the speed of traction electronic-commutator 0C
motors and motorized wheels steplessly and over a considerable range the
adjustable-voltage and frequency system offers many advantages. Generally,
reffered to as electronic-commutator control after the author, the msthod
requires two separate sources of supply, one of which is & main adjustable-
~voltage and frequency static electronic commutator (fed by the constant-
voltage source eg, TD storage batteries) thet supplies AC power to the
armature three-phase winding of the DC motor and the other a smel] adjust-
able-voltage controlled rectifier or OC chopper (fad by the constant-voit-
age source eg, TD storage batteries) that excites the DC motor field. The
speed range is much greater than that obtainable with & traction subsyn-
chronous (squirrel-cage) electronic-commutator AC motor or motorized whee).
It is the sems that obtainable with a traction synchronous electronic-com-
mutator AC motor or motorized wheel. A brushless slectronic-commutator DC
dynsmotor (generator/motor) is used in the snergy-saving parallel hybrid-
~electric propuision system for tracked sll-terrsin vehicles with extreme-
ly high mobility.

Modern newly designed traction brushless slectronic~commutator AC or DC
motors and motorized whesls can be sealed environment-free units which
have the significant adventage of an oil-cooling system by which both stat-
or snd rotor are cooled. The same coolant oil can be used to provide oi)
mist lubrication for the motor bearings. They can be fitted with thermis-
tors for measuring the winding and electrical-valve temperature and heat-
ers to prevent condensation when AC/DC motors or motorized wheels are at

a standstill,

W

EXPERIMENTAL ENERGY-SAVING PROPULSION SYSTEMS
FOR_TRACKED ALL-TERRAIN VEHICLES

tn the field of energy-saving hybrid-electric propulsion systems for treck-
ed slli~terrain vehicles examples of study sre represented by three experi-
mental prototype propuision systems, which are developed by a resesrch
group at the Theddeus Kodclusazko Mesorial Cracow Polytechnic, Cracow, PL.
The first experimentsl prototype energy-seving toothed-gesriess series hy-
brid-electric propulsion system for the track vehicle (Fig. 3) Is acting
as a smooth, sllent and oli-fres torque convertor. This comprises s separ-
ately-excited three-phase synchronous brushless type AC generator le al-
ternator with conetant output, solidly coupled to the D engine, which
feeds three-phase currents to the trigistor direct electronic-commutator
AC motors input 1ines. The trigistor direct electronic commutator Is in-
put- | ine-commutated cycloconverter, which yses only 9 $ triglstors. Here
each ingut line Is connected to each eutput line via § trigistor. A three-
~phase - thres-phase cycloconverter caen transfer active and reactive power
in both directions, allowing two driven trection low=frequency three-phase
subsynchronous (induction squirrel-cage) AC machines to operate at any
power factor, motoring and generating. The alternator constant output is
determined by controlling the excitation current to the AC generstor. This
is done steplessly with the aid of trigistorized half-controlled rectifier.
The electric torque convertor also mekes it possible to distribute step-
lessly and without wear D engine output for driving. The ground is
determined by controlling the pulse-width (pulse-width moduletion) and
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phase-shift (phase-shift modulation) of triggering pulses to the trigistor
direct electronic commutator. This is done steplessly with the aid of mi-
croprocessor-based propulsion control ler connected to the accelerator
mechanism of the track vehicle. The matching of the torque convertor rela-
tive to the acceleration or gradient ability is obtained automatically in
the traction low=frequency subsynchronous electronic-commutator AL motors.
The first experimenta) prototype propulsion system has no transmission
gear and reduction gear. This energy-saving toothod-g?erlcn series hy-
brid-electric propulsion system consists of traction low-frequency subsyn-
chronous electronic commutator AC motors directly coupled tothe front driv-
ing wheels. The propulsion system is operated at an electronic commutator
output voltage of 400 V. At this voltage a high total efficiency can be
obtained.Figure & shows the oscillograms of the electronic commutator out~
put vo'tage to neutral waveforms for threedifferent output frequencies.

Fig. 4 Electronic commutator output voltage to neutral for different out~
put frequencies.

a) f=20 cps b) f = 12 cps c) f=1 cps

bandend
prgsny
hod

The first experimental prototype energy-saving toothed-gearless series hy-
brid-electric propulsion system (Fig. 3) can be used for the track vehicle,
which is an articulated tracked all-terraln vehicle with extremaly high
wmobi1ity, where both the front and the rear cars are driven by two wide
rubber tracks, !e #ll four tracks are driven. This track vehicle is in-
tended as a transport unit for material and personnel, capable of carrying
up to 2500 kg of equipment and & persons In addition to the driver. On
level ground the track vehicle can run satisfactorily st about S0 km/h

and it can have & rangs of action of 300 km. For example, this vehicle cen
be used in conjunction with natural ges pipeline ervection and the servic-
ing and maintenance of existing pipelines.

The second experimenta) prototyps energy=saving toothed-gearless series
hydrid-electric propulsion system for the all-terrain carrier with extre-
mely high moblility (Fig. 5) is also ecting as a silent electric torque
converter. This comprises a seperately=encited three-phase synchronous
brushless type AC gensrator ie alternator with constant output, solidly
coupled to the D engine, which feeds three-phase currents to the trigistor
indirect electronic commutator AC motors input lines. The trigistor indi-
rect electronic commtator is voltage source DC Vink-typs (with TD stor-
age batteries), where the frequency conversion takes place in two stages
(via rectification). The first stage using 6 diodes Is acting as an un-
controllied rectiflier with constant DC link voltage. It feeds current to
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the TD storage batteries and the second stage using only 6 RC trigistors
and acting as an inverter. Mere each input line of a rectifier is connect-
ed to sach output line via diode and esach input line of an inverter is
connected to each output line via RC trigistor. Conversion from direct-
-voltage to alternating-voltage takes place in such s way that the three-
~phase output lines are switched in turn with a 21I/3 phase shift to the
plus or minus poles le input lines of the direct-voitage with the aid of
the RC trigistor triode parts. Since the phases of the AC motor currents
are displaced in relation to the voltage, currents will flow through the
RC trigistor diode parts during this interval of the cycle. To commutate
the current from one DC pole ie input line to the other, a special gate
turn-off commuytating circuit in the microprocessor-based propulsion con-
troller has to be arranged for each phase. When full output voltage is
obtained, the RC trigistor triode parts are conducting for I and the out-
put line-to-line voltage then consists of voltage pulses of 21/3 width,
separated by dead intervals of 21/6. In practice, the meximum output vol-
tage of the trigistor indirect electronic commutator is approximately the
same as the actual slternator AC volitage. The neutral of the three-phase
system is not fixed, but will oscillate with three times the output fre-
quency. This means the voltage to neutral will have a staircase shape.

The system used Is to rectify (by meens of diodes) the alternstor induced
AC voltages to produce constant voltsge DC link and then invert (by means
of RC trigistor triode parts) the DC to produce AC of desired frequency.
For the flow of load reactive current feedback RC trigistor diode parts
are provided. TD storage batteries connected to DC link are used to alloy
regenerated energy to be fed back to them and to provide all-electric op-
eration of the experimental prototype propulsion system. Because of the
need to operate at zero speed and to obtaln smooth acceleration or cecel-
eration and reversal of the traction low-frequency synchronous electronic-
~commutator AC motors, the trigistor inverter is operatesin pulse width
modulation (PWM) mode to produce sinusoldal output line current weveforms
of desired frequency. Operation of the trigistor indirect electronic com
mutator under this mode is of particular isportance to the energy-
-saving toothed-geariess series hybrid-electric propulsion system for the
all-terrain carrier with extremely high mobility. Traction low-frequency
synchronous electronic-commutator AC motors will not operate smoothly at
low-speeds unless magnetomotar ce waveforms within the machine is sinusoid-
al; this can only be produced by supplying the machine’s armature winding
with sinusoidal currents. Inherently an slectronic commutator is only a
switching device and cannot produce smooth voltage waveforms. Normally an
electronic commutator is arrenged to switch once or twice per cycle only
producing square waveforms. This waveform is far from sinusoidal end only
a suitable for high speed propuision systems with main transmission geasr
and reduction gear. If the electronic commutator cen be arrsnged to switch
meny times per cycle for differing periods of time a nearly sinusoidal
output waveforms cen be produced. This contains a large fundsmental compo-
nent and only very high harmonics which effect: on the traction low-fre-
quency synchronous electronic-commutator AC motor current. Oscillograms of
voltage and current waveforms of the traction low-frequency synchronous
slectronic-commutator AC motor for three different indirect electronic
commutator output frequencles are shown in Figure 6.

The second experimental prototype energy-saving toothed-geariess series
hybrid-electric propulsion system (Fig. 5) cen be used for all-terrain
corrier with extremely high mobility, where both the front and ths rear
cors are also driven by the same two wide rubber tracks. All four tracks
are consequently driven. This all-terrain carrier Is primerily intended as
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& transport unit for personne! or material, capable of carrying up to
2000 kg of equipment or 19 persons in addition to the driver. A special
purpose superstructure for loadsw® 2500 kg may be easily fitted in place
of the cab on the rear car. On level ground the all-terrain carrier can
run in a satisfactory manner at about 50 km/h and can reach a maximum
speed of 60 km/h. It can have a range of action of 500 km,

Fig. 6 Electronic commutator output line-to-line voltage (top) and motor
current (bottom) for different electronic commutator output fre-
quencies.

a) f= 10 cps, U= 60 % b) f =S5 cps, Um 308 ¢) f=1cps, Ums 102
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The third experimental prototype energy-saving parallel b, .rid-electric
propulsion system for the tracked snow~traversing vehicle (snowmobiile)
with extremely high mobility (Fig. 7) uses & D engine-driven/supsrcharging
brushless type electronic-commsator DC dynamotor (generator/motor) which
acting as a OC generator recharges TD storage batteries and acting as a DC
sotor supercharges D engine. It has a CVT which helps reduce liquid fuel
consumption not only by providing an efficient transmission but by allow-
ing 0 engine and DC dynamotor to be run at or near maximum efficiency in-
dependent of ground speed. The D engine and separately-excited brushless
slectronic-commutator DC dynamotor are mechanically coupled with the one-
~way clutch. The DC dynamotor's electronic commutator mainly consists of
a circult which controls the armeture supply DC voltage by means of the
trigistor direct 0C - AC electronic commutator control and & clrcult which
controls the field current by means of the trigistor DC chopper control
also in case of pure traction slectronic-commutator DC motor driving. In
the case of D engine driving with recharging, the separstely-excited elec-
tronic-commutator OC dynamotor changes Its function to the OC generator
with an electronic commutator acting as a RC trigistor diode part uncon-
trolled rectifier and recharges the TD storage batteries which connection
may be changed from series 6f A0 V to parallel of 220 V, and the charging
current Is indirectly controlled by the trigistor OC chopper which con-
trols only the fleld current. A separately-excited drushless type slec-
tronic-commutator DC motor with an electronic commutator acting as & RC
trigistor inverter, having power electronics armature and fleld controls
would provide the best combination of ¢fficiency, performence and produc-
tion cost for this propulsion system. For maximum rangs stop-end-go driv-
ing the tracked snow=traversing vehicle would utilize regenerative braking
to recover kinetic energy.
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Besides, the third experimental prototype energy-saving parallel hybrid-
electric propulsion system has two same type clutches, one is acting as a
damper built between D engine and one-way clutch and the other is between
electronic-commutator DC dynamotor and CVT. These are of the dry single-
-disc and coil-spring type clutches operated electro-hydraulically,

The third experimental prototype energy-saving parallel hybrid-electric
propulsion system for the tracked snow-traversing vehicle has following
six propelling modes:

- D engine and D€ motor driving;

- D engine driving with D engine-driven DC generator recharging;

-~ pure D engine driving;

- pure DC motor driving;

- regenerative braking with a driving-wheel-driven 0C generator
recharging;

- D engine-driven DC generator recharging during stoppage.

An energy-saving snow-traversing-vehicle hybrid-electric propulsion system
built up from combination of a brushless electronic-commutator DC dyna-
motor and CVT offers many advantages, such as stepless ground speed con-
trol, low losses and fast control of the recharging voltage or both the
torque and the speed of the D engine-driven/supercharging DC dynamotor.
Power electronics for the third experimental prototype propulsion system
shown in Figure 7 consists of a RC trigistor electronic commuytator, act-
ing as an adjustable frequency inverter for motoring or uncontrolled rec-
tifier for generating of the electronic-commutator dynamotor; a RC trigis-
tor DC chopper; an on-board TD storage battery charger and a muitiple out-
put isolated DC power supply. The propulsion system power source can be
specially developed TD lead-acid storage batteries. The propulsion system
signal microelectronics consists of a microprocessor-based propulsion con-
troller and local power electronics interface circuitry.

The third experimental prototype energy-saving parallel hybrid-electric
propulsion system (Fig. 7) can be used for the tracked snow-traversing
vehicle (snowmobile) with extremely high mobillity, where both the front
and the resr wheel-axles are driven. This tracked snow-traversing vehicle
cah be intended as a trensport unit for cutting-down trees in the forest
or polar expedition.

CONCLUS 10N

Srushless electronic-commutator AC or DC motors and motorized wheels are
well established today in energy-saving toothed-gearless hybrid-electric
propulsion systems for tracked all-terrain vehicles with extremely high
mobility. Growing attention is being shown in the use of trigistor elec-
tronic-commutator AC or 0C motors for these propulsion systems. The trig-
istor slectronic commutatory presented here are very simple in design and
have features making them technically superior to thyristor electronic
commutators of conventional types. They should have a given place as the
technically and economically best solutions in electrical machines in the
future. These propulsion systems have good dynamic properties and are
highly efficient. In addition the problem of high acceleration currents of
traction electronic-commutator AC or DC motors and motorized wheels does
not arise. The difference betwsen the costs of existing trection AC or DC
motors and motorized wheels and brushless electronic-commutator AC or DC
motors end motorized wheels has substentially narrowed, but the latter al-
ternative is still more expensive. However, there are examples of users
who in their investment calculations have als0 taken into sccount esti-
meted maintenance costs and then found that the brushless electronic-com-
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mutator AC or DC motor propulsion system is the most favourable alterna-
tive. Another case, where the electronic commutator is clearly competi-
tive is for double- or mylti-motor propulsion systems and double- or
multi-motorized-wheel propulsion systems that is when several traction AC/
0C motors or motorized wheels sre to be run with the same speed and can be
connected to a common electronic commutator (see Figs 3 and §).

An excellent way to control the torque and speed of a doubly fed supersyn-
chronous and synchronous or single fed subsynchronous (induction) elec-
tronic-commutator AC/DC motor or motorized wheel is to vary the frequency
of the supply armature voltage. With this method it is, of course, neces-
sary to provide a direct or indirect electronic commutator whose output
frequency and voltage can be adjusted simultaneously. Speed adjustment is
virtually stepless over an extremely wide range. When several AC/DC motors
or motorized wheel!s are connected to the common electronic commutator, all
will change speed simultaneously as the frequency is varied.

it is impossible to make any general recommendations for energy-saving
toothed-gesrless series or parallel hybrid-electric propulsion systems for
the tracked all-terrain vehicles with extremely high mobility, but each
individual application must undergone a technica! and economic evaluation.
A number of factors should then be taken into account, of which the most
important are nature of the energy source, the torque and speed require-
ments, utilisation of an existing AC or DC motor or purchase of a modern
newly designed electronic-commutator machine, the environment, etc.
Special demands will be made on traction electronic-commutator AC or DC
motors and also motorized wheels, including a high accelerating torque and
robust mechanical and electrical design. Further, for tratked all-terrain
vehicles with extremely high mobility they must stand up to frequent accel-
erations, the severe traction environment and the most widely varying
weather conditions.

Energy-saving toothedgearless series and parallel hybrid-electric propul-
sion systems for tracked all-terrain vehicles with extremely high mobility
have besn growing attention throughout the world as part of the measure
for preserving the environment and energy saving, which is now a worldwide
problem. Methods for lowering energy consumption in electronic-commutator
AC/DC motor-driven tracked all-terraln vehicles with extremely high mobi-
lity give two important benefits: reduced dependence on liquid fuel and
higher profitability.
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ROTARY HYDRNALIC SUSPEMNSION DAMMPER

FOR HIGH MOBILITY OFF-ROAD VEHICLES

T.J. HOILMAN B. Sc.

Senior Project Engineer, Horstian Defence Systess Ltd.

object damage has been achieved.

The device was developed, in the first instance for use with a
torsion bar suspension system on a military tracked armoured persomnel
carrier. In this application, high levels of performance and relia-

perf
performance of the suspension system is not normally
of prime importance. Howewver, in the off-road environmmt, the perfor-
of the suspension is an essential factor.
/weight ratios (and hence good "on road” performance)
but very poor off-road performance are manifold. Such wehicles are
unab the of

i
g
i

be to decelerate when pitching becomss excessive and to
accelerate again once relative stability is restored. It is arguable
that in such cases a msore satisfactory vehicle would be one that used
a lower rated power pack together with an isproved suspsnsion system.

that then constitutes a good suspension system for an off-road
vehicle? Off-road terrain is typically a random series of of undule-
tions of varying pitch, the amplitude of which is significant as
to the diamster of the road wheel. Vehicles designed to

with typical off-road terrain,should maximise available road
whes] travel and incorporate a high level of damping.

‘E




e MY SR Wt

The function of a damper is to absotd energy imparted to the road
vheel. Analysis of a spring-mass-~damper system show that damping
should be proportional to the velocity at which the wheel is being
displaced. However, if a high damping rate is to be used, in the case
of a very large wheel velocity, excessive suspension forces may be

the damping force induced. It is generally accepted that in order to
give adequate ride characteristics, this l1imit should exceed the static
wheel load by a factor of 1.5 to 2. This means that the vast majority
of suspension events will result in proportional levels of damping
force and only the rare "high-speed excursions” will result in constant
force due to relief valve "blow-off”.

Damping forces of the order described infer very large energy
levels to be absorbed. The damper converts the mechanical energy into
heat. Therefore, in order to prevent overheating, a high performance
danper for an off-road vehicle must dissipate such heat very effectively.

The main source of ride discomfort is wvehicle pitching. This
results from excitation of the pitch mode natural frequency of the
vehicle. This is typically very low (c 1 Hz). Oscillation of this
type must be adequately damped. However, it is undesirable that a
damper should respond positively to the higher frequency, small aspli-
tude oscillation induced by passage over ccbblestone surfaces (or, in
the case of tracked wehicles, track links.) Response to these would
result in wmanted ensrgy dissipation.

Current Suspension Systems

Most vehicle suspension systems involve linkages which convert
the vertical motion of the roadwheel into an angular movemsnt. Common
examples of this are the trailing arm and the wishbone types of suspen-
sion. However, most suspension daspers currently in use are of the
linsar, piston typse. Thus the angular movemsnt of the suspension
mssber is reconverted to a linear motion. (Pig 1)
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The moset common linear suspension damper is the hydraulic teles-
copic unit which is pin-jointed to the suspension arm and to a fixed
point on the vehicle. Although this type of unit is adequate for most
road vehicle applications it suffers from a nuwber of disadvantages
when considered for off-road operation:

(i) In order to provide damping forces of the order required it is
necessary to have either very high internal pressures or a very large
piston area. This, combined with the large amplitudes owver which
damping is required, results in a very bulky unit which may be difficult
to engineer into a vehicle installation.

(ii) As mentioned above, the large damping forces which are required
result in a large amount of thermal energy to be dissipated. This can
only be conducted away via the pin joints, and any radiation heat
loss, particulary when the unit is covered with mxi, is very small.
Thus, sustained operation over typical cross-country terrain is liable
to result in overheating and failure.

(iti) The typical location of telescopic dampers msans that, dampers
are exposed to debris being dislodged by the roadwheels and damage to
the damper due to ingress of such debris is coswon.

Linear dampers may be used with any type of spring e.g. ooil springs,
torsion bars, leaf springs etc. A recent development of the piston
principle is, however, the hydro-pnsumatic unit which incorporates a
gas "spring® with a hydraulic dasper. A unit of this type has been
developed for the latest British Main battle tark “Challenger”. Although
this type of unit overcomes some of the problems encountered with the
telescopic, it is not immmne from overheating problems and can only be
produced within a viable space envelope by the use of very high hydraulic
pressures ( 90001bf/in2~-62%a)

This requires the use of complex (and expensive) technology to achieve
acceptable levels of reliability and durability.

is
dasper. However, the first known use of
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Rotary Demper for MCV 80

In 1978 Horstman won a contract to design and develop a rotary
suspengsion damper for the MCVB0 wvehicle. This vehicle has a design
weight of 23.5 tonnes and is tracked with 12 road wheels. It is
required to carry a section of ten infantrymen including driver, comm-
ander and a guner for the turret mounted 30mm. cannon. It is intended
that in service the vehicle would operate in consotrt with battle tanks
and as such must display comparsble mobility. This is no msan
ment, as the battle tank's greater owerall length renders it less
susceptible to pitching over a given course. Thus, in suspension
terms, the requiremsnts for NCVB0 excesd those required of its accom-
panying battle tanks.

Design Reguirements

In order to give MCVBO the required mobility a wheel travel of
400mn was specified. The design requirement to be met by Horstman was
to design a4 dapar capable of allowing whesl travel of this order,
whilst providing the required damping rats up to the blowoff level
necessary for the specified mobility.

The vehicle has been designed and developed by GIN Sankey Fighting
Vehicle Operations. Their specification called for a hydraulic dgi
to be mounted at the axle amm pivot and to include the i
bearings. (Fig2) Springing is provided by a horizontal torsion bar
passed thro the centre of the dasper. The bar is anchored by the
housing of the corresponding wheel station on the apposite side of the
vehicle.

Pig 2 al .

INTEGRAL
ROTARY
DAMPER

TORSION BARS
STATOR
SHAFT
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Description of Unit

The Horstman Rotary Hydraulic Suspension Dasper is in oconcept
similar to a two vane rotary actuator. Two vanes are attached to a
rotating hub and a further two to an annular stator casing. This
effectively creates four discrete fluid cavities. (Fig 3). vhereas, in
an actuator,pressure is applied to diagonally opposite cavities to
generate rotational movement, in the damper, rotation of the hub results
in pressure being generated in the two cavities which are diminished
by the rotational movement. The damping rate is determined by the
rate at which fluid is allowed to leak from the pressurised chambers
across the rotor vanes, via seals, orifices and valves.

Fig 3. Section through Damper Cartridge.

PRESSURE RELIEF ORIFICE
VALVE RESTRICTOR

TIP SEALS

Conventional rotary actuators require near-perfect sealing. This
is achieved by cosplex elastomeric elements and an extressly rigid
structure. This results in a relatively heavy unit which must function
at modest pressures and angular velocities in order to achieve adequate
seal life. However, in a rotary damper application, perfect sealing
is not of paramount isportance. Angular velocities may alsc be an
order of sagnitude higher than those gensrally specified for actuators.
Purther, as this is a whicle application, it is desirable to minimise
weight and hence to design the structure for the required life and not
to preserve rigidity underall circumstances. Thess requiressnts
4 sealing system different from those used in rotary actustors.

!

requiresents.
give perfect sesling, allowing a smel) rate of leskage acroes
ww leskage flow is laminar and therefore highly temperature
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In order to minimize this dependence a fixed orifice is incorporated
in the rotor vane producing a substantially tesperature indepsndent
flow path. The combination of the “parasitic” leakage around the
vanes and the orifice flow gives an almost linear dasping rate. This
rate is only dependant on fluid temperature to a small extent. By
close attention to the detailed engineering of the seal system, it has
been possible to achieve a damping rate which satisfies the stiff
damping characteristic considered necessary for this vehicle.

Fig 4. Typical Pexformance Characteristics.

Relief Valve
‘Oholing’ Point

felieé Valve o
Oper ating Level

TORQUE
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l
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Cher acteristic
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Capability

ANGULAR VELOCITY
RAD/SEC —o

systems, typically 3000-4000 bf/in* (200~-300 Bar). Obviously this is
highly advantageocus in designing seal systams, however, it doss impoee
ssvere requiressnts on the valwe system instituted to give "blow-off"
at excessive angular wlocities. (Fig 4.) It is clear that in order
to achisve a relatiwely "flat” characteristic, at vertical vhesl velo-
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Fig 5. Rotary Damper Oil System (schematic).
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The damper unit is flange mounted to the vehicle hull. This is
important for two resasons: Firstly, a large area of contact is
maintained between the damper unit and the vehicle hull. This permits
the vehicle hull to function as a very effective heat sink, dissipsting
the energy absorbed by the damsper. Secordly, this type of mounting
allows a very “"clean" outside profile such that the damper is well
protected from damage due to ballistic attack or terrain debris thrown
up by roadwheels and trackwork.

Rig Test

In order to fully test the rotary suspsnsion dasper, Horstman
Defence Systems have commissioned a mmber of special purpose test
rigs. The most significant of these is a large electro-hydraulic
test stand which is capable of exsrcising dampers over the entire
service range of torques and speads. In a dmmper the highest torques
are generated by the highest angular velocities. Thus, this test
stand has an instantaneous power rating in excess of 300 WW. Othar
rigs are a performance test rig of wmore mpdest rating, and a general
purpose, hydraulic, test bench for component evaluation.

Over 4000 hours of rig testing has now been completed. This
has covered investigation into all aspects of functional performance,
structural integrity and long term durability. Demper units have
been fully evaluated against a test cycle compiled from actual wehicle
data, covering the prescribed duty cycle. Several such tests of 600
hours duration have been satisfactorily completed, and most recently
such a test was continued to 1000 hours without failure. This duration
efuates to two vehicle "overhml® lives.

Although it is v that such testing cannot replace actual
testing, it allows the to bs evalusted in terms of
amability and . This has ensbled a high level of contidence

Vehicle Testing

The first dasper units were delivered to the custamer in mid
1979 and since that time over 150 dampers have been sgplied for
testing has

—
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The basic function of an armoured infantry vehicle is to carry
infantry, and, as mentioned above, MCVB0 carries a section of ten
men. It is therefore of great importance that the men being transported
should arrive at their dismounting point in a fit state to fight. The
suspension of the MCVB0 has been fully evaluated in instrumented
vehicle testing which has been reported elsewhere. This testing
suggests that, in the service envirorment MCVE0's complement will
cover the ground more quckly and in more comfort than in other vehicles
of this type.

Frequency response testing has shown that, although the damper respords
very effectively to frequencies normally asgociated with pitch oscill-
ation, energy dissipation at high frequencies ( 30H2) is very low.
vVehicle testing has shown that the suspension is free from the harshness
frequantly experienced in telescopic dampers at high frequency.

Thermal performance has also been shown to be very good even when
operating in high ambient temperatures, and this has permitted conven-
tional elastomeric seals to be used extensively without thermal degrad-
ation.

Fig 6. GR-Sankey VG0 Vehicle,

e Ak S e =




1074

3!
ugga
i
g <

5
'
g
]
:
8

o
5
é
1
g
i
§
:
g
i
£
:
i
3
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Although this unit has, in the first instance, been designed for
installation on tracked vehicles. In principle there is no reason
why 1t could not be installed on wheeled vehicles. Indeed, since
angular movement 1is just as apparent in the suspension of wheeled
vehicles, the technology or rotary suspension dampers is of equal rele-
vance. Detailed design of the lever arm unit has now been completed
and it 18 1intended to evaluate its performance on several vehicles
during 1984.

Horstman Defence Systems Ltd have designed and developed a rotary
suspension damper which is capable of providing large damping forces
on large wheel travel suspension systems. By the use of modern
hydraulic technology a compact design with a high level of thermal
dis.ipation and immmnity from foreign object damage has been achieved.
The design concept has been fully demonstrated on the GKN-~Sankey
MCV80, a high mobility armoured infantry carrier.

The techiology involved can be applied in various designs to
vehicles over a very large weight range utilising the angular movement
inherent in most comwmon suspension systems.

The Horstman Rotary Damper provides levels of performance normally
only associated with more sophisticated (and expensive) types of sus-
pension. Furthermore, because of the high levels of reliability and
durability achieved by this type of unit, a very low “whole-life"
COSt suspension system can be created.
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QUICK CONNECT INTERVEHICLE COUPLING SYSTEM

I. O. Kamm, G. Wray, and J. Nazalewicz
Stevens Institute of Technology, Castle Point Station, Hoboken, NJ

—_

SUMMARY !

This paper covers the design, fabrication and opsrational testing
of an electronically controlled, hydraulically powered, articulated
intervehicle coupling joint which permits rapid vehicle coupling
without external assistance and with substantial intervehicle mis~
alignment.

R, ki ma

A microprocessor based control system will be added to coordinate
the individual engine and transmission operations and to optimize
and simplify the control of the articulation joint.

i
i
;

Tests to date have shown that the vehicles can be coupled in less
than one minute even with substantial misalignment between the two
units; and that obstacle climbing capability is greatly improved.

A field test program is being planned to determine the gains in mo-
bility obtainable with this coupling system as compared to a single
vehicle.

AD-P004 385 |/

INTRODUCTION

Vehicles connected by an intervehicle joint are not new. Some are
connected by passive joints, such as trailers. In others, such as
ecarthmovers, the two halves are connected by a powered joint which

is then used for steering. Tracked vehicles, using power articulated
joints for steering without detracting from the propulsive effort,

have shown superior mobility in soft soils and snow for soms time.
Lately, control of the pitch attitude between vehicles has been added
for superior obstacle crossing capability. Adding this third dimension
can pose control problems for the driver, often detracting from,
sometimes negating, the advantages of the coupled system.

Side-by-side performance comparisons of coupled versus identical
single machines dsmonstrate that the gains in mobility can be signi-
ficant, and should be of benefit in tacticsl situations. But, on
the other hand, the single machines are adequate for moat of the
everyday operations for which they are designed.
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The coupling system presented here allows the vehicles to be used

in the usual way as long as there are no particular mobility problems;
but to be connected quickly, without exposure of personnel to external
hazards, when increased mobility is needed. The versatility which

this approach offers permits us to re-think the applications of coupled
vehicle systems.

At the time of this writing, a coupling joint has been designed, fab-
ricated, and installed on two M-113 APC's. The system is operational
with relatively simple controls. The vehicles can be quickly coupled
and uncoupled. The joint can accomodate large initial misalignments
of the two vehicles in the process of coupling. The development

is now underway of a microprocessor based control system which optimizes
the performance of the coupled vehicle system by coordinating the
forces that are generated by the joint with those generated by the
traction elements. Further, the possibilities will be explored that
exist for an automatic coupler using a target homing device, and

for incorporating a terrain sensing device in the vehicle control
system.

Finally, a field test program will be conducted to determine tradeoffs
between systea size and sophistication needed and the mobility gains
that can be made. It is expected that the technology developed here
can be transferred to other vehicle systems and applications.

OPERATIONAL REQUIREMENTS

The coupling system is designed to satisfy the following operational
philosophy:

The individual vehicles will operate as single units as far as their
mobility permits. The added coupling components should not impair
normal operation. The vehicles will be coupled when an operator antic-
ipates that the single vehicle cannot handle a certain terrain or
cbstacle, or fajiling that judgement, after a vehicle becomes immobilized.
This requires that coupling can be accomplished even after one vehicle
is stuck in an awkward attitude. (Envision here a vehicle stuck

1n a creek bed, unable to climb out either in forward or reverss.)

The coupling process will be controlled by the driver in the rear
vehicle, because he can see the joint. (lLater, a homing device could
be used for that purpose.) The hydraulic actuators will position

and latch the mating parts of the coupler. No one is needed outside
the vehicle for the coupling process.

When coupled, the assist given to the immobilized vehicle will utilize,
to the maximum extent possible, the traction forces that can be generated
by both vehicles. The attitude control generated by power articulating
the joint will direct these forces to the most advantageous line

of application, the intervehicle forces generated by the joint will
augment the traction forces that are lacking.

(Por distinction: articulated vehicles usually can only operate in
tandem, with one power plant for both; coupled machines are individually
powered and can be used solo.)
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The coupled vehicles are expected to have mobility superior to that

of the single M-113, when: climbing steps greater than two feet

in height, crossing ditches wider than seven feet, entering and exiting
bodies of water, negotiating short, very steep, slopes (greater than
608 for one vehicle length), and steering in very soft soils and

snow. Remaining in the coupled mode during normal operations will
allow higher cross-country speeds over rough terrain and improve dir-
ectional control.

The coupling system has to accomodate the necessary combined freedom
of motion in pitch, yaw and roll; provide the correct, timely and
coordinated action of the joint and traction forces; and force the
correct co-axial alignment of the coupler during the coupling process,
all as djictated by terrain-vehicle interaction.

In the detailed desjign of the coupling system the following major
guidelines were followed:

1. The ability to gquickly couple and uncouple the vehicles
is of firat priority.

2. The gquick coupling should be accomplished in less than
one minute and from within the vehicle.

3. The coupling system should cause minimum interference
with the performance and usefulness of the single
vehicles.

4. The guick coupling system is to be sized for a two
unit machine.

S. Intervehicle assist will be used to supplement normal
traction.

6. The driver's task will be kept simple, in line with
normal skills. The tasks of intérvehicle and traction
control coordination are to be done by microprocessoss.

7. Allow for the maximum yav and pitch angles that
intervehicle clearances permit.

DESCRIPTION OF THE SYPTEM
A. Machenicel

The coupler consists of a plug, mounted on the resr of the forward
vehicle, which is latched inside the socket attached to the rear
vehicle. This assesbly is force articulated in ysw and in pitch
by hydraulic cylinders.

Pigures 1 and 2 show the details of the coupler, attached to N-11)
APC's including the latching arrangement between the socket and plug.
The dotted lines in Pigure 1 show the components in the stowed position.
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The stowed plug prevents the ramp from being completely lowered on
hard ground. However, the resulting step up onto the ramp is less
than the floor height of the vehicle. Photographs of the respective
side and top views of the coupler installed on the vehicles are shown
in Pigures 3 and 4.

The working range of the pitch articulation of the coupler with respect
to the forward unit are 45° up and 45° down from the horizontal.

The socket attached to the rear unit can be pitched up 45° and down
20°. Most of this motion can be utilized during operation without
mechanical interference of the two vehicle hulls depending on combined
yaw and pitch attitudes. Purther upward motion (60* and 65°) of

the joint halves is used for stowing purposes only.

The primary pitch motion is about the forward pitch axis, secondary
motion is about the rear axis. Thus, the vehicles are permitted

to assume angular and parallel misalignment simultaneously. The

yaw articulation limits are 45° to the right and left from the centerline.
The yaw and pitch motions are independent. Yaw motion occurs only
bstween the forward unit and the coupler plug; the socket is fixed

in yaw to the rear unit. The coupler plug rotates freely in the

socket permitting free roll motion between units.

B. Hydraulics

The hydraulic schematic is shown in Pigure 5. The system consists

of a variable displacement pump, which supplies both the yaw cylinders
and the pitch cylinders through two separate servovalves to produce

a pitch or yaw rate of 15°/second maximum. Pressure relief valves
and cross port reliefs provide overload protection. The rear unit

has the identical pump installed, to actuate the rear pitch cylinder
and the latching mechanism.

C. Controls

For the present purpose of demonstrating the quick coupling capability
the hydraulics are analog controlled. The engines and transmissions
are controlled either manually or with the master/slave servo controls.
At the present time, intervehicle signals are transmitted via umbilical
cord, to be replaced by radio (or similar) transmission links later.

Under the next phase of this effort a microprocessor control system
will be implemented to coordinats the utilization of traction and
articulation forces to the best advantage of the system, and at the
same time protect the joint against overloads. The tentative control
schematic with its suypporting subsystems is shown in Pigure 6.

To date, the check out of the coupling system installed on the two
vehicles has shown the following:
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1. The mechanical and hydraulic components of the coupling
system function as intended.

2. Coupling can be achieved with substantial misalignment
between units.

3. The coupling system assists in obstacle climbing.

In the operational tests performed to date, all of the design goals
were either met or exceeded.

Coupling and uncoupling can be achieved without external assistance
in less than ten seconds under ideal conditions, but it may take

Up to one minute with severe misalignment of the vehicles. Cowpling
has been accomplished with a difference in elevation of 42" (appx.

1 meter) between the machines and an angular misaligmnment of up to
60°. The coupled machines have climbed a 45" (115 cm.) step (the
height of a loading platform), compared to the 2' (60 ca.) step poe-
sible with the single vehicle.

The wall to wall turning diameter is 44' (13.5 m) with a combination
of joint and track steering and with the vehicles at a pitch-up at-
titude to reduce ground contact length.

A quick cowpling feature can be incorporated into a cowpling joint
system which is capsbls of providing substantial mobility assistance
to the vehicles. The ahtlity to provide such assistance vhen needed,
but aleo to allow wee of the vehicles in the customary sense at other
tises, provides new opportunities for applications where an expanded
need exists for:

obetacle negotiation
platform stability
platform attitude control
intervehicle assistance
traction augmentation
vehigle survivability.

This work is supported by the Defense Advanced Research Projects Ageecy
and monitored by the U.8. Arfmy Tank-Automotive Command. Dr. C. W.
Kelly, IXXI, Chief of the System Science Division, DARPA provides
direct technical supervision; Mr. Tibor Csako of the Tenk-Autamotive
Concepts Laboratory is Sciemtific Program Offiocer.
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FIGURE 4: Acsombled Joint Frem
Deck of Near Unit
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ESTIMATION OF WEAR LIFE OF HEAVY DUMP TRUCK TYRE

» *e L, ]
T. MURD , S. HATA  and R. FUKAGAMA
* Ehime Unfv., Matsuyama, JAPAN ** Kyoto Univ., Kyoto, JAPAN

\ SYNOPSIS
N

A frictional work of each tyre has been calculated by means of rigorous
mathematical analysis and practica) approximate method at cornering site.

To estimate a wear 1ife of each tyre, a relation between amount of wear
and frictional work has been {nvestigated for some period, and then an-
other relation between residual depth of tread and operation time has

been measured in-situ for several tyres of a capacity 45 tons heavy dump
truck.

As a result, the change of amount of wear of tyre with the passage of
operation time can be expressed by an exponential function as

x ¢ da[)-ep (- R hct) ).

Here, x 1s a length of wear of tread, t {s an operation time, a f{s
a length of wear per unit frictional work of tyre, ANc {1s a frictional
work per unft operation time, dy 1s a converted depth of tread from
tyre deformation, xc 1{s the length of wear of tread when a relation
between coefficient of friction and slip ratio of tyre has been measured.

Then, the wear life of tyre tg(hr) for x = xg (mm) {s calculated as
follows ;

te = lnd‘;.la"‘:_gﬁii) (dg -2 ) .

KEY WORDS
Tyre, Wear, Dump truck, Friction

INTRODUCT 10N

In recent years, heavy dump truck has been supersized more and more as an
earth nvi»* transportation vehicle at large scale earthwork site, such
as earth 111 dam, land reclamation work or sofl excavation site, and it
has been contributed to increase an efficiency of construction. Here, as
an important durability problem of construction machinery, a change of
amount of wear of heavy dump truck tyre with the passage of operation
time and a wesr 1ife of sach tyre have been analysed theoretically. And
the aim of this study 1s to build up & rational method to estimate the
wodr 1ife of tyre, and to improve a construction system by mesns of in-
creasing the duradility of heavy dump truck tyre.
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To analyse the wear mechanism of OR tyre, a systematic study concerning
with trai) conditions, 1.e. slope, radius of curvature, and relation be-
tween coefficient of friction and slip ratio etc., overational conditions,
1.e. vehicle speed, acceleration at driving, and retardation at braking
etc., and vehicle dimensions, i.e. size, weight, inertia of tyre and vehi-
cle, and position of gravity center etc. should be taken. That is, &
frictional work of each tyre should be calculated by means of rigorous
mathematical analysis and practical approximate method, from the equations
of motion of vehicle and tyre which are introduced at driving and braking
for straight and cornering motion on several slopes.

Esg«:hlly on cornering site, the amount of wear of tyre {ncreases remavk-
ably. The dependance of redius of curvature of trafl and vehicle motion
on each slip ratfo and coefficient of friction of tyre should be amalysed
in detail for each position, and tham the charecteristics of frictional
work of each tyre will be clarified.

Next, the change of amount of wear of each tyre should be analysed with
the pas of operation time, considering the trafl conditions and vari-
ous vehicle motions. In-situ test, the amount of wear of each tyre of a
heavy dump truck (Capacity 4% tonsf has been measured {n every month. At
the same time, the shape of trail, slope, radius of curvature at cornering
site, the vehicle motion, and the relation between cosfficient of friction
and slip ratic have been measured. After the relation between amount of
wear and frictional work of each tyre has been investigated for some peri-
od, the method of estimation of wear 1ife was established.

EQUATION OF MOTION

F r?g .1% !a! shows smra' vectors o% srictiml force and velocity at
ving

d and braking » which occur on a cornering tyre. & 1s a vector
of velocity in the moving direction of tyre. Rep 1S & vector of circum-
ferential velocity of tyre, in which R 1s a radius of and @ is a
rotational angular velocity of tyre. And the vector of slip velocity s
can be ¢ sed as 9 + Ry . Here, the angles between F , u , v¢ and
rotational plane of tyre are given as a , 8 , v , respectively. : is 2
slip angle of tyre which is given as an angle between rotational plane and
moving direction of tyre. ip ratio Sy in the longitudinal direction
(or rotational plane), and another slir rnio Stat In the lateral direc-
tion (or normel direction to rotational plane) of tyre are expressed ap-
proximately for small slip angle 8 as follows. M

At driving ( 0 < u cosB < Rw )

Ston = lwcucosp)coss , o )

S‘.g s . sing (!)
At braking ( v coss 2 Re)

Sten ° .!&:.ﬂ. < 0 (%

S1at * - sims ()]

Nere, whon the velue of Siat s negative for mﬁnh clechwise)sitp
sngle, the tyre turms comntercleciwise to left slde.

R i D L A




1001

-

i,

Fig. 1 (a) Force and s11p velocity developed
on tyre at cornering

Direction of Tyre to Direction of Tyre to
Cornering Center Cornering Center

n n
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/

Direction of
Vehicle to
Cornering Center

Moving Direction ;
of Vehicle !

(1) (11)

Fig. 1 {(b) Forces developed on tyre
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The relation between coefficient of friction u and slip ratio S of
tyre depends on rubber tread material, carcass and tread structure, and
surface condition of roughness or material of trail. It is cleared that
the coefficient of friction is directly proportional to slip ratio for
fnitial slip of tyre. !’ That fs,

¥ = c-s (s)
where ¢ {s a constant.

In-situ test results concerning with an unisotropic friction of tyre were
reported for N type tread tyre. !> It was clesred that both frictional
phenomena in longitudinal and lateral direction of tyre are almost iso-
tropic in a regfon of static friction, the shape of ellipse of friction ¥
approaches to circle, and both directions of slip and frictional force of
tyre are situated on a straight ine.

E?g_ntion $f 'E'E" Motion
a of heavy dump truck which s running on a slope.

9. a
Slope angle | 1s positive for ascending motion. £ {is a distance from
front to rear whee) axis, &¢ and £Lr f{s a distance from front and rear
wheel axis to gravity center G of vehicle, respectively. Ri and wi{
is a radius and angular velocity of each tyre, in which suffix {1 shows a
tyre position, {.e. 1: front left wheel, 2: front right wheel, 3: rear
left wheel, 4: rear right wheel. W {s a total vehicle weight, Ni s a
norma! load acted on each tyre, and U 1{s a velocity of vehicle.

Fig. 2 {(b) {s a plan of vehicle running on X-Y plane, in which both mov-
ing direction of vehicle and each tyre and direction of forces acted on
them are shown, respectively. bg¢ 1s an interval between left and right
front tyre, and by f{s an interval between left and right rear tyre. K¢
or Kr 1s a distance from front or rear wheel to gravity center of vehi-
cle respectively. ¥s 1s an angle from X-axis to vehicle axis, and 6Os
1s an angle from X-axis to moving direction of vehicle. egi 1s an angle
between X-axis and moving direction of each tyre. Here, all the clockwise
angle from X-axis are defined to be positive. Bg is a slip angle of ve-
hicle from its axis to moving direction of it, Bgi s a siip angle of
each 0.{: from its longitudinal direction to moving direction of ft, g
1s a steering angle of front tyre from vehicle angle to long*ltuiiui di-
rection of tyre, ¢si is an angle from moving direction of tyre to that
of vehicle, and all the clockwise angle are positive.

The mutual relations of each angle are shown as follows ;
Bg = 05 - Y {5;
0s{ = 03 - egf ?

(8)

Bgi = egf ~asf - Vg
= fg - ag{ - ¢

e or is a constant which is calculated as tan~!(be/28f) or
tan" (br/&r) respectively.

As shown in Fig. 1 (b-1) , force Fy acted On each tyre is composed of a
force Py ac in its moving direction and another force Cy acted in
;::‘d‘lncﬂon to cornering center. Forces P{ and C{ are given as

ows ;




—

Fig. 2 (a) Dimension of heavy dump truck

Direction
of Cornering Y Sy,
Center

Fig. 2 (b) Movement of vehicle
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P{ = utani M = ( ulonf cosBsi + ulati sinBgi ) Ni (9)
Ci = unori M = ( ulon sinBsi - ulati cosBsi ) Ni (10)

And those forces P{ and C{ are divided to another forces in a moving
directk(m of)vehicle and its directfon to cornering center, as shown in
Fig. 1 (b-i1).

Next, 3 equations of motion of vehicle in its moving direction, in its
direction to cornering center, and in its rotational direction are intro-
duced in terms of its gravity center as follows,

M odu 7 (P cosegy - Ci sindsi ) - W sinl (an
3 St & i ¢i - Ci S s { - sin

Wy y

+ - 15‘ ( Py singgi + Ci cosést ) (12)

2
-0z S = Kf (P sin( Bs - #s1 4 vr ) - C1 cos( Bs-dsivf ))

+ K¢ { P2 sin( Bg -~ #s2 - Y¢ ) - Ca cos( Bs-#s2-vf )}

+ Kp {-Py sin( Bs - ¢s3 - Yr ) + C, cos( Bs-¢s3-vr )}

+ Ky {-Py sin{ Bg - ds0 + Yp ) + Cy cos( Bs-#sutYr ).
(13)

Here, g9 1s gravitational acceleration, Jz 1s moment of inertia of ve-
hicle. N{ 1s a normal load acted on each tyre which is calculated from
both equilibrium equations of moment in terms of gravity center of vehicle
in 1ts longitudinal and lateral direction, and condition of 4 lowest parts
of each wheel to be positioned on a same plane after deformation of spring
and tyre. Therefore, the normal load N{ 1s directly varied by accelera-
tion or retardation of vehicle.

-¥

Fig. 3 1is an approximate model of hesvy dump truck, of which 4 wheels are
replaced by 2 single wheels. As an approximate practical method, next
equations of motion are established for this approximate model.

Fe = -%—(-%:—0951111)
= utonf cos{ 8 -a )-Ng - ¢ sinBe sin( 8 -a )-N¢

+ Ulonr COSB-Nr - c singy SInB-Np (1)
2
Fn = 'g‘ "!—’
= ulonf sin( B -a ) Mg + c sinBe cos( B8 -a )-Nf
+ Uionr SINB-Ny + c sinBy, cosB: Ny (15)
= ulonf sina-Ne 2¢ + c sinBy cosaNe ¢ - ¢ sfnBr-Nr 2p (16)

Here, f or r means front and rear respectively. The difference be-
tween rigorous mathematical amalysis and approximate practical method does
not appeer for straight motion, but increases gradually with an {ncrease
of steering angle of tyre for cormering motion.

PSR-
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Equation of Tyre Motion
ﬁgﬂnlng a moving direction and a clockwise rotatfon of each tyre to be

positive, the following equation of rotational motion of tyre {s derived
from moment equilibrium condftion.

4L = (biont - uR ) Ny Ry - Ty (1)

Here, Wioni s a coefficient of friction occurred in each tyre by driv-
ing or braking torque T§ . ugR s a rolling coefficient of friction. Iy
is a moment of tnertia of each tyre.

Next, the equations of rotational motion of front and rear tyre derived
from previous approximate model are as follows ;

dw

It =gz~ * (Vionf-UR)NFRe-87T (18)
fr-dj%[-'("lonr-"k)lrkr°7 (19)

Here, B 1s a torque ratio of front to rear wheel.

In the above equations, the terwms of inertia are H?ibly small values
from the result of observation of movement of practical heavy dump truck
}ymﬂé ‘A::wing that R¢ is nearly equal to Ry , the following relation
s dertved.

Vionf = B ( Blonr - BR ) Nr / Ne + Mg (20)

Now, the method of rigorous mathematical analysis is to transform the
coordinate system of equatfons (11) (12) (13) and {17) to another one
expressed a sloping terrain, and to simulate a siip ratio Sioni . Slati .
velocity of tyre uf , and normal Joad Ny , calculating a velocity and
rotational angular velocity of vehicle and tyre for a given steering angle
agi and torque T{ of tyre in each time At . In previous report *) the
values of frictional work of each tyre at straight or cernering motion of
vehicle on a flat or inclined terrain were compared with each other for
several representative examples. As a result, this method has a weak
point which needs a Tot of time for calculation. On the other hand, the
practica) approximate method is to calculate a slip ratio of front and
resr tyre by solving the unknown values “lonr , B¢ and By {in equations
(14) (15) (16) and"?ZO) for measured value F¢ , Fn and M, and to com-
pute the coefficient of friction mobilized on each tyre by means of divi-
sion of these s)ip ratios.

IN-SITU TEST >

m the dimensions of tyre and heavy dump truck at empty or
Toaded state. In this table, coefficient of rolling friction, wmodulus of
elasticity of front and rear wheel, height of gravity center of vehicle,
and tots) weight of vehicle have been directly measured fn-situ.

9. N $ 8 plan of courses o vy truck at some soil and rock
oxcavetion site. There are 9 kinds of course from Al to A9 , and
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Notes :

( ) Ground Level (m)

O First throwing hole
@ Second throwing hole
-—i Excavating Site

N

i 0 100 200 300m
SRS S

(2a) Plan and Radius of curvature (m)

(b) Elevation and Slope (%)

Fig. 4 Geners) view of courses of heavy dump truck
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several heavy dump trucks run up and down between first or second throwing
hole and each excavating face. Total round distance of each course is
sbout 10.2 ¥m. Average longitudinal slope is 9.2 %, and maximum one {s
15.6 5. The geographical feature of this district is comparatively gentle
as shown in Fig. 4 (b) . And the roadbed is composed of weathered gran-
ite, of which elastic wave velocity ts 690 m/sec for P wave and

m/sec for S wave. The road surface is kept in good condition by means
of compaction of decomposed granite sofls, and it has been justified to be
put in a good maintenance from the results of power spectrum analysis

On the other hand, the characteristics of movement of heavy dump truck,
{.e. distance, slope, radius of curvature, velocity, acceleration and
retardation of vehicle for each section of courses were measured by use
of 8 mm movie camera and they have been analysed precisely.

TH f r t of Tyre

the tyres meas n-situ test are earth moving service tyre 21.00 -
35 - 36 PR ; N type tread of initial depth 68 mm. And it 13 an
off-the-road tyre which is well manufactured for cut resistance. Its
standard dimensfon is as follows ; outer diameter 2050 mm, width 591 wm,
height S04 mm, and inner pressure 5.6 kgf/cm® (548.8 kPa). As the heat
resistance of tyre is comparatively low, the temperature of front tyre
which {s severely used at carrying down on a slope exposed to the sunshine
in sunmer time was controlled not to be over the critical temperature of
tyre 112°C. The amount of wear of tyre was measured every month, and it
was expressed as an average value of 4 residual depths of tread which were
measured by use of depth gauge at each point of one fourth of tread width.

Fig. 5 (a) shows the measured wear histories of front left tyre FL ,
front right tyre FR , rear left tyre RL , and rear right tyre RR ,
which relate residual depth with operation time. Here, the residual
depths of tread of FR and RR are calculated as averaged values of in-
ner and outer tyre respectively. Then, an amount of wear oi tyre is given
as a difference of initial depth of tread and residual depth of it.

In general, rear tyre tends to be worn more than front tyre » % But, in
this case, the amount of wear of front tyre approached to the same value
as that of rear tyre, beceuse the front wheel load increased due to carry-
ing down motion of vehicle and the large braking torque acted on front
wheel at braking. The varfation of residual depth of treed was remarkable
at initia) operation time, and the change of amount of wear of tyre with
the passage of operation time tended to be expressed by an exponential
function. The wear 1ife of each tyre was long encugh and 1t was estimated
to be from 4,000 howrs to 5,000 hours.

RELATION BETWEEN FRICTIONAL WORK AND AMDUNT OF WEAR

The frictional work per one round sovemgnt of eech front and rear

positioned at right or left hand stde of heavy dump truck fy has

calculated for each course from vehicle motion, and distence, slope and

redius of curvature of trail messured in-sity. In this calculation, it is

assumed that only rear wheel 1s drived at driving and both front and

rear wheel is braked at braking as the torque ratio 8 equals 0, 0.5

and 1.0, Next, the frictional work of tyre positioned in &k for some
fod of measurement of smount of wear of tyre Fy(k) s adle to calcu-

ate as 2 summtion of the product of mmber of round movement of vehicle

n§ on each course J and frictional work per one round movement of each

At o e
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Fig. 5 (a) Measured wear history which relates
residual depth d with operation time ¢t
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Fig. 5 (b) Residual tread depth ¢ and operetion time
calculated for the test heavy dusp truck tyve
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tyre on each course fy(k)j .
That is, Fw (k) = } nj - fw (k)g . (21)

As the frictional work of each tyre Fy(k) for some period of wear meas-
urement has been calculated by use of u - s curve determined for a tyre
of wear length xc , it should be modified for the tyre of aversge wear
length x within that period of wear messurement. Assuming the modulus
of elasticity in shear of tread is equal to that of carcass, the relation
between slip ratio S for a tyre of wear length x and s1{p retio S¢
for a tyre of wear length xc is given as follows ;

S = : ::csc. (22)

Here, do 1s initial depth of tread, and dc {s converted height of car-
cass which contridbutes to tread deformstion.

Therefore, the modified frictional work F'y(k) 1{s given as follows ;
setting dotdc = dg ,

Fru (k) = (2290 Ry @) . (23)

Now, the relations between celculated frictiona) work F'y(k) and mess-
ured smount of wear M(k) for some period of vehicle operation are shown
in Fig. 6 (a) (b) (c) . The frictional work has been calculated for each
tyre positioned in FL , FR , L and RR of the test vehicle for the
period of wear measurement at the breking torque retfo 8 = 0, 0.5, and
1.0 respectively. As a result, the frictional work seams to be propor-
tional to the amount of wear. That is, :

M(k) = a(k):F'y (k) (24)
Here, a(k) is an amount of wear per unit frictional werk of tyre post-

tioned in &k , and 1t takes a constant value determingd by tyre structure,
tread pettern and rubber material etc.. As the _ o_!ﬂu of “:l 1s

defined to be T for 6 test tyres, T eqals P.! m/kgf-n
80, ¢ 1.52007° am/kgf'm for B = 0.5, and T equals
\.Z“xlo}:k.gf’-l for Be10.

As sentioned mﬂﬂlywﬁefﬂﬂcuml wrk of tyre F'y has been given

il . .
.f'.. . IH ScuNver . | (28)

Tm.mnﬂaﬂuwhur‘m'»«tmd 4x with the passage of
opevation time At 1{s able te calculate as Nllews ;

Y a»*-g-g‘- ScwRv.at ()

i 3P s den - -
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(mm)
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H

(a) B=0OO
o Front
® Rear
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Fw'  (kgfm) X109

(b) B=0S
O Front

Flg. 6 Itlotim betweet amount of weer X and
frictional work F°, of fremt sad resr tyre
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Integrating above equation with time for the boundary condition, {.e.
x=0 at t =0, it is cleared that the wear history curve of tyre is
expressed by an exponential function. That is,

t
x-@.[l-cxp(-t—%—k—losculvdt)] (27)

In general, the frictional work of tyre F, {3 propotional to the opera-
tion time t . That is,

t
F.-Iosculndt-luc-t . (28)

Here, ANc 1s a constant. Substituting this relation into equation (27),
next equation is introduced as,

x s dalV1-ep (- g Anet)] . (29)

Then, a wear life of tyre i.e. a total operation time of vehicle tf
until a tyre is worn out perfectly, is able to calculate as follows ;

g - - lho) (4-x) (30)

, where xg is a limit of wesr length of tread of tyre.

The estimeted wear history cerves are drawn smoothly by use of equation
(27) or (29) for different breking torque rstio 8 . Fig. S (b) shows
the estimated wear history curves of esch tyre of test vehicle for 8 = 0,
0.5 and 1.0 respectively. The wesr length of froat tyre seems to be
larger than that of rear tyre whes braking terque ratio 8 varies from
0.5 to 1.0. Furthermore, comparing this estimated wesr history curve with
that measured one, the value of B 1t estimeted to be about 1.0. That
is, the test vehicle is considered that the breking terque of front whee!l
ts nearly equal to that of rear wheel.

In the sbove calculation, d, = 68 dec*0m,
2‘;80-. and & wear life of tyra s calculated
8 residual depth of tread becomes V0 gm.
1eft ond right rear tyre is calculated to'de ).208x
10° kgfa/hr respectively for 8 = 0 , then the wear 1ife of left and right

resr tyre becomes 5,125 howrs and s.iu hours respectively.

Therefore, the wear histary curvg and wear 11fe of tyre is able to esti-
mte properly, if the breking torque nﬁp 1s measpred accurately.

Furthernere, the relation hstween weer Vife of OR tyrs and coefficient of
its tral) condition hes boen anaiysed in detai) ™.
SONCLUSIONS

Te estimete a wepr Rhistor ond 1119 of .tyre of hesvy dump
truck, 1t 15 a 4 the ngow Setwasn of wesr of
tyre mma ;E;ut work of tyve caléulated during some

L T
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operational period for its trail condition and vehicle operational condi-
tions. Afterwards, the total characteristics of wear history curve of
tyre should be analysed by means of these relations. Then, the wear life
of each tyre is able to estimate properly.

The obtained results are summarized below ;

1)

2)

3)

4)

1)

2)

3)

The amount of wear of tyre increases remarkably at the time of driving
up a slope or braking down a slope, and especfally at driving or brak-
ing at cornering site. The wear amount of tyre driving up a
slope increases parabolically with its slope angle.

To decrease the amount of wear of tyre, 1t 1s necessary not to drive
or brake suddenly on a slope, to design a slope angle as small as pos-
sible, to construct a flat cornering site, and to design its radius of
curvature as large as possible.

The amount of wear of tyre at cornering {s inversely proportionatl
to the radius of curvature of trail. When driving or braking torque
acts on rear wheel only, the rear tyre is worn away by 8 large accel-
eration or retardation of vehicle at a higher slope angle and also
by a large centrifugal force to be directly proportional to a square
of vehicle speed. At cornering site, the amount of wear of rear tyre
turning inside is the greatest of all tyres.

In general, the wear history curve of tyre is expressed by a next ex-
ponential function.

x = d.[l-exp(--a;f—xc-uc-t)]

Here, «x ’-) is a wear length of tread, t (hr) {s an operation
time, a (mw/kgfm) 1is a wear length per unit frictional work of tyre,
Aic (kgfw/hr) 1s a frictional work per unit operation time, da (wm)
is & converted depth of tread from tyre deformation, xc (mm) {s the
wear length of tread when a relation between coefficient of friction
and slip ratio of tyre has been measured.

The wear 1ife of tyre tg (hr) for x = xg (mm) {is calculated as
follows ;

tg = M'—:’",E"—'LL(‘.‘!:)

Estimating a wear life of tyre by means of the above method may be
evaluate to be useful for a management of OR tyre.
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RUD INTRODUCES A CHAIN DEVICE TYPE "TERRA™ - THE NEW COMBINATION OF
POLYURETHAN AND ALLOY STEEL FOR SNOW, SAND AND OFF-THE-ROAD TERRAIN

OR.-ING. HANSJORG RIEGER

L

Vme increasing expenses in the development of tracked armoured vehicles
and thus resulting trend for armoured wheel vehicles has led to the
fdea to develop an “off-the-road chain®. This new design guarantees

the maneuverability of a wheeled vehicle and is compatible with a
tracked vehicle.

the nev developed RUD off-the-road chain type "TERRA® is made of
breaking resistant and tough polyurethan in combination with a very

robust chain mesh made of alloy steel. Special chain elements allow
quick and easy fitting.

Thorough-going tests with leading manufacturers of armoured vehicles
have proved that the maneuverability in heavy muddy terrain is
identical with the results of & tracked vehicle.

The bearing surface of the tire is increased by approx. 50 %, there-

fore, the tendency of sinking in of the vehicle is considerably
reduced.

The specific arrangement of the single plates guarantees good traction
and self-cleaning of the chain.

The result is an improvement of the climbing power and stability on
slippery underground as well as on sand.

T™his new chain device can be used on roads up to max. speed of 60 ka/h
without damaging the road surface. {he tires are protected by the chain
and, therefore, their economy is lmnuﬂ.‘

i
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Please allow us to sum up o?am in details the main advantages of the
“off-the-road chain" as well as to indicate the most popular tire
sizes for which this chain device is available.

* plates made of breaking resistant and tough polyurethan in com-
bination with a very robust chain mesh made of alloy steel

* increase of maneuverability in “off-the-road” terrain up to the
fielt of (tracked) armoured vehicles

* the bearing surface of the tire {s increased by approx. 50 %
* increase of climbing power by approx. 50 %
* stability on underground is guaranteed when firing a cannon

* it is possible to drive on roads up to a max. speed of 60 km/h
without damaging the road surface

* tires are protected by the chain
* special chain elements allow quick and easy fitting
* economy of the chain is guaranteed by easy exchange of the plates

Avajlable tire sizes (for single wheels):

11.00-16 20 179
205 R - 16 20 146
7.50-16 20 153
12.00-20 20 202
12.5-20 20 187
13.00-20 Pilote X 20 211
14.5-20 20 201
14.00-20 20 220
18-22.5 20 217
16.9-30 20 619
18-20 €8 20 213 )
18.00-25 20 249
20.5-25 S 20 204
220 7.

For dusl tired di

jmportent. Yo
following schedule
chains are used,
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Minimum clearance required for fitting the TERRA off-the-road-chain

S A Iraaigi

Tire width

‘:otllvldth a' the plaete

G i e i g <

b i
] H ’ Number of
: Tite Sise Part No. plates ;
1100 - 16 217 333 43 % 3 i
0SR - 16 0 146 6 % 16 2 :
730 - 16 2019 s 1 153 1?7 !
1200 - 2 20 202 0 2 as » :
125 -9 20 187 20 » as 1 '
| 1300 - 30 Pilese X] 20 211 0 0 s 10
145 - 2 2 201 P % s »
145 - 20 28 314 0 » 2 2
1450 - 20 » 210 " ™ 2 20
18 -2 2 n 30 7] » 2
169 - 0 2 619 %0 s » %
10 -288 2 213 3% % » 2
1800 . 35 20 20 %0 56 » 2
03 - 33 20 204 90 ¢ » 2%
n7.» » 6% 90 6 . » 17
1200 - 20 Zwill. 20 3% 7”2 e » n
12 R 223 Zwill. | 20 206 e 7 » 1 1
1800 - 53 Zwhl 2 112 - ® 3 3

Minimum clesrance required on the immerside wall F + 20 m
Minimm clearance required on tive tread H + S mm
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The technical details and data are shown in the following infor-
mation sheet. The material fcr the plates is a high quality
polyurethan with resistance of more than 90 shore. After many and
thorough-going tests this material proved to be the most suitable
one. The plate is made in a mould or if the quantity will allow it
in a more economic way of injection die-casting. During tempering
the plates are bended. This bending is important for a better fit
of the chains on the tires. The share of cost of the pol than
plate compared to the chain can be described as approx. 70 : 30 %.
Damaged plates can be exchanged at any time with very simple tools.

The chain mesh is made of compact round steel chains made of alloy
steel, breaking and wear resistant. The chain mesh can be fitted
and closed without any tools thanks to very simple construction
elements.

Thanks to the particular design there {s no fixed connection between
chain and plate. This guarantees above all the realization of such
a design.

The chain Is covered by patents in most countries of the world.

— e -
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Off -the-road chain, type "TERRA" for working machines

Plates made of
elastic, wear re-
sistant poly-
urethan, in order
to protect the
road end to en-
la the bearing
surface.

Robust round seel
chain links made
of alloy steel,
breaking and wear
resistant, meant
as additional
gripping- and
wear elements.

Technical dates
* round steel chain links, protecting tyres and road

* chain wash also closed without gaps at the connectin point by mesns
of the AID - central lock

* bresking strength of the chain mesh 350 N/wm*
* 3,";"""“‘ surface of the tyre will be increased on an average by

* prevents 2 sinking down

* protects the road en the tyres
* will gusrentes an econamic application of the device beyond the road

* dus to the permission of the design, movable on solld roads also in
case of changing the position

flald of eppljcation

Cross-country vehicles and machines in off-the-roesd chains, type "TERRA®,
have been released by the Kraftfehr-Duinesant for being used on roads.
The only exception are roads paved with clinker coment. With regerd to
roads psved with black pitch, the chaing are ul{ allowed to be used in
the period from the st October to the J0h Agril.
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The folloulo‘Edl ams demonstrate efficiency of the off-the-road
chain type "TERRA®. The comparison tests had been made with a non
skid chain type DM 74 F, made in our works: this type of chain is
introduced with several Nato countries as mom skid chain and l1isted
for procurements. :

To enable you to have a comparison between a standard non skid chain
and the off-the-road chain type "TERMA" we enclose & summary on page
8 of an article published in sagazine “Wehrtechnik”, where you
can find the most important data for a comperisen.

The enclosed diagrams will show you that the main sdvantage of the
*TERRA® chain is the incredlind bearing surface, which prevents the
vehicle to sink. At the time the traction is essentially in-

creased to compare s-3tandard tire. The main adven of the.
*TERRA" chain are ont : increased bearing surface snd traction.
View of tire bearing surface T :

Enlargement of the huﬂn"- surface, which prevents the mn ia by
using RUD-traction chain type TERRA (off the rosd qpilel;lm)
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THE NEN TRACTION CHAIN
Articel lished in the German ine "Wehrtechnik® Issue 8/76

The development of new vehicles with a higher motor force (higher h.p./t)
and the application of tires with larger width and higher capacity for
both civil and military use requested development of the so far know

non skid chains. In addition to this it was alos requested to have chains
with a ] service time. During the last ten yoers RUD-Kettenfabrik
Rieger & Dietz GmbM u. Co. of Aalen, West Gerwmany, developed a completely
new traction chain device. m tests vere made not only in off -the-road
duty but also in winter !’ .r tests where chains were used
more than 15 000 km (appr. 9 000 mi) rete surface. In addition
to this the German Bundeswehr mede their Own tests on non skid chains of
different make and constm mt - the_ideal chn for the vehicles
of the second generation, ’? Bundeswehr has selected
the "Gleitschutzkette OM 78 F* (non d chaln DM 74 F).

The chain mesh is mede out of a center strand ruaning in the direction
of the wheel circusference. In addition to the longitudinal sections to
insure stability against side are oblique chain portions to
insure the transfer of the: trastioh favehs. The chain mesh of a chain

suitable for twin wheels M‘ Wt OF ti0 parallel designed “single
spur-chains”, T

Contrary to the spur-cm va

inner length of chain link

times diameter to & new. Ji

chain link. This has consy

bending and wesr. ln ¢

ainiavm breaki
TOR §

m’»””x’m et

X

) the former pitch of five
tbs the diameter of the
ﬁl resistance against

it is mslm to n
conditions. The chain
tools.

The traction force of
covered road by mseaswri 4 le of a 16-t-truck
and 8 22-t-treflev. The TVRIR-UEE Sl _ wheels 12.00-20
MeS. The results: tire ¢ N outer wheels of the

fa Sweden on a snow-
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To underline how important non skid chains can be, we have to recall
that the tire grip on snow-covered roads 1S approx. 25 3 reduced
compared with a dry asphalt road. The reduced driving-force does not
allow to move the vehicle or to keep it on the road.

In soft and swampy terrain the traction of vehicles can be increased
by 100 up to 200 % by using non skid chains O 74 F. This means in far
more than a "snow chain” but a many-purpose device of the vehicle.

A e i
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OFF-THE-ROAD CHAIN TYPE "TERRA" FOR USE ON SAND

Sesides using the off-the-road chain type "TERRA® in muddy conditions
a great advantage could be found for application in sand. The vehicle
is much easier to manoeuvre.

Instruction of use for AUD off-the-road chein Type TERM on send:
* 71t the chain according to fitting fnstruction :

* then reduce tire pressure to 1,5 atd

* sfter sond operstion increase tire pressure to stamderd.

The summery of o tast report of an luportant Fresch car sasefacturer
indicstes: :

The sansuversbility of a cheined vekicle in pulverized sand s in-
Mezmuummmm because of the stromg
m“ .“ * m‘ _ﬂ‘ m s R N

» L0y '
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Please find below the summary of a test report of & large French
sanufacturer for armoured wheeled vehicles for your information.

These tests had been made by this company by their own and, therefore,
can be considered to be neutral.

Tests with TERRA chains in muddy terrain

(bjective of the test: to find out whether the TERRA chain made by
RUD will increase the maneuverability of the wvehicle.

Time and place of the test: April 13/14, 1982 in Meilly
Test vehicles:

Vehicle no. 08, total weight 7,9 t
2,8 |1 motor capacity, mixture i.z
260 service hours reached

front and rear wheels chained with TERMA,

Vehicle mo. 0B, total weight 7,80 ¢
2,6 1 motor capacity, mixture 8,2
reached.

230 service hours

Conditions of test:

Terrain very with dosp water heuls
street covered with asphalt _

Tests of the TERMA chain:

To find its purpose, the description, the fitting and the adventage of
the TERRA type chain.

Dimensions:

The chain is fitted to the tire having an air pressure like under
normel cenditions; if the thickness of the chain is added, the grownd
clesrance is incressed 3‘ more than 100 wa, compared with a ground
clearance of a wehicle which tires have a tire pressure of 3,5 bars
in suddy terrain.

Oue to the fact that on & test in sand the ground pressure ares of a

chain wheel is one third higher then the pressure area of the

tire, the ground pressure iS reduced by 33 §.

Dmeaic tests:

Terrain: The ¢ ic tasts were made ower 3 hours. The wehicle ne. 00

fitted with chains had no difficulties at all to overcome the

obsticles ot ome. The other wehicle no. 00 was forced seversl times

to overcome the ¢ifficult &nd wes blocked five times. The tasts !

e continued on g 4iff wrrain. ™he grester namsvversdility of
the wahicle no. 08 results in three reesons:
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1. Ground clearance more than 100 mm
2. Ground pressure reduced by one third

3. 6rip of the TERRA chain,
the individual plates of which are flexible against each other and,
are self-Cleaning; contrary to this the profile of

therefore,
the tire will filled with mud and consequently, the tresd of the
tire remains even and slippery. :

distance of 40 km was driven on & road covered with asphalt. Maximum

speed was 60 ka/M. This speed can De reached without dameging the cover
of the road

Off -the-road ain:
The chaia can be easily repaived in suddy terrain

|

b

L

J

5
<

suidy and marshy terrain the use of the TERRA chain will considersbly
ncrease the mﬂug'of the vehicle and enable that vehicle to

l1imb over obsticles and difficulties, which would mot be possidble with
unchained vehicle.

!ﬂ-—

tasts were redlized in desp aud, however, with a 301id underground.
output of a TERMA chain in rice fields in the Far East cam only be
] . The easy ssintenance quarantess a quick repair.

§77
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will demonstrate the manifold possibilities for the

use of the off-the-road chain type TERRA.

—
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Last but not least we would like to show you in short the different
phases of the fitting of the TERRA type chain.The fitting {s made in
2 very simple way, no tools are required. To fit chains on 4 tires
approx. 15 - 20 minutes are required.

Fitting and taking off the RUD corss
country chain s done in the same
sequence and handling as with RUD
non-skid chains. Lay out the cross
country chains closely in front or
behind of the 1 and arrange thea.
Coupling lever (Dand tensioning chain(@
outwards. Put fitting chain(ld) across
the tyre and close by fa r (arrow).
Attach side chain by hooks(4)or dy
copperplated fitting hooks.

Drive slowly for about one wheel
revolution. Thereby the chain will
creep across the tyre.
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tarting insjide close side-chain
ut:n“h?ok then outside of

Remark: If tyres are badly worn,
you may fit side-chain shorter.

Fit central fastener together
in an angle of 90°. .
See picture. i

Tighten tengioning chain outside

wvhee! and iatroduce the hook °

tnto the aext link wi ln resch
of the tensigning « Close

Mrt: Aatension mln ofter
short éFive (appex. 10 ®). Chain
w

the tyre.
mmmoihmmmuu
done the other way rownd.
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USE OFf MICROCONPUYER TECHNOLOGY TO IMPROVE THE PERFORMANCE OF

TRACTOR/IMPLEMENT CONBIMATIONS

J.M., VILKES, S.¥. DURRAGE, N.J. VARLEY
NYE COLLEGE (UNIVERSITY OF LONDON), VYE, MR. ASHFORD, KENT, ENGLAND

ABSTRACT

With the steady facresee in the sise of tractors sad implemessts, it is
becoming importsat that the operator has mors iaformstion on performence
to provide fmproved opportumity for maxiaisieg productivity of machisery
and labour while msiantainiag the quality of work. This paper discusees
the application of aicrocomputer techaolegy 2n wesitoriag the
parforuance of tractor/implemsst cesbimetiocns ia the field. A pechege
isstalled on s trecter snd weed in resserch prejects ot Wye College 1o
descrited. Details are givea of seusors that are wsed to
perforwsace parsmeters including engise speed, govermor eettiag, pto
torque, drive vheesl speed, forward epesd, and the ferces en the
point liskage. BEagias power, pto powss, drawbar pull
slip end dynsmic weight cen slso de derived by t
immediate display. Waile all thess peremsters uay
ressarch and dovelepmat werk, msay would sles e
tracter coperatien. The preblems of develeping simple trecter
pochagee sre W.&

qualiey of wark? With the
oteady fasrease ia the oins of trastors and inplemsats end the relstive
facveses fa the eest of shilled ledbowr, mswek mere iaformsties o

aseded te tuprove the efflcisacy of fisld
o
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of operations by using differeat programmes (or differsat types of
operstion. Changes fo eoftware wmay aleo s wsds a9 eachinery
developmsate occur.

In recent yesrs work at VWye College hes couceatrated oa the developmest
of eensors for wse in rvesearch on the perforsance of tractor/implemest
combinations in the field; perticularly tillage operations which utilise
both drawbar sod pto powmr, A sicrocomputer was fatroduced fa 1982 to
act as a dets logger but alep to provide the operstor with iasstent
feed-back from esch sessor. This msaat that data could be studied es 1t
was befag collected ead recorded sad say equipment faflure wes
iamedistely appereat. '

The data logging eystes s fully meuated ea the trecter wander test
(Fig. 1) and 1s powsred by a 300 W gessrator and tracter datteries.
Pigure 2 fllustrates the srobitecture of the system. Sesdors with e
anslegus signel ave lisked to the camputer threugh a 12 ¥it, 32 chammel,
anslogus te digital iaterfecs. Seasers with o digitsl puleed signal ate
lisked threugh & 4 choansl, 12 Bic, cowster fmterface. The comntere sre
re-set teo sere immsdiately fellowiug a cemputar semm,

The cemputer cas bs pregremmed to scse all chansels with s chefce of
scanniag frequeacy frem 1 per secend to 1 per 2935 cosends. 1If & were
detailed stuly of on iadivideal chemnsl 1s requived, the scensisg

The output of each chemnsl is iandicated on tha ecresa. To ensble repid
deta stevage, resdings are stored ia the cemputer’s ssmery durieg a test
rem. At the ead of each rum the data are tramsferved to casseette taps
sad ths msmory clearved reedy for the nmext rwn. The ecreeas s very

The dets leggiag seftweres con feaclede the eslilestiens of ¢thii seneere te
saginseriag weits. This msese thet displayud fdste con o mere seeily
relsted te the pavamsters tniag ssasured thae 1¢ Lk were is the ot
veltages end freguencies.

i

= e et mamng o
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seasor. The eagine speed sessor is fimed {0 close prozimity to the
tiniag gear on the camshaft. The forverd speed sessor is fimed fa close
presinity to s dise fined to the faside of s °'f1fth’ wheel which 1s
wounted en the tractor eor implemest uwader test. The disc hes 180
perferations evealy speced 1a a circle close to its euter edge so that
the seesor has en ocutput of 100 pulees per revolution of the wheel.

Drive Wheel Speeds

A differeat type of sessor wes selected for drive wheel speed dus to the
slow retation favolved. Slotted spto-switches asre weed in conjwaction
with discs ncuvated on the lusstide of each drive whesl (Pig. 3). The
slotted opte~switch hes ss ifafra-vred eource ood eessor housed o @
aculdisg which facerporstes ea fufra-red fiiter to siaistes assbiest
1ight effects and slso give dust protection. BRech disc Bes 180 teeth
srveund its circwmfereecs which pess through the fafre-red been aod give
an cutpet of 180 pulees per revelution of the wheel.

Covayees Sqttisg

The pesition of the goverser costrol lever is seseed wesisg o
enceding potenticmster with 12 it rescluticn mowated en the isject
pump (Pig. 4).

Pxe Toreus pad the Fecese ou the Three Peiss Liskage

A British Bevercraft Coarpevation otrsin geuged tressduter {ncorperstisg
olip riags snd Srushes 1s memated on the trecter's pto shatt (Yig. 5) te
tadicate pte terqua. A medifted 'Schelts' 1iskage (Pig. 6) ts weed to
ssuse the forces on the thiwe point liskage. The leangth of the pto
traasducer asd 'Scholts’ linkage are bagically the same 80 that the
geenstry of implemsnt sttoshasst 1s wmeisteinsd enmcept feor the estra

spacing requivred. This Tesults is mere weight tressfer and reduces the
sexisun weight which may be cevried en the liskage.

t

The Schelts liskage Mee 7 strain gauge bridgesi 3 spddiag the horisestsl
(drought) forces ca esch 1isk; 2 sedsing the wvetticil forces on the twe
lower lisks; sad 2 sewsieg the sidoways forces o ths twe lewm tlm
The top 1ok 1o weunted 1a cuch & Wey as te clinieste vertissl esd
otdovays feress. ) .
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The dyneaic waight ca the drive vhesls cea caly be csleulated frem the
horinental sed vertical ferces ou ths threa poiat liskege, 1f there 1o
slse & knowisdge of the tracter vheelbese, static stle weights, the
postition of the three poiat liskege sad the olepe of the lend en which
the tractor is workiag.

DEVRLOMENT OF TRACTOR BASED PACKAGES

The systea so far described has tees desigaed Cor use in vescarch and
davelopusat relating te the f1ald perfermance of tractor and implemeat
conbinatiens, A rvequiremsat fer this aystes has Mees the oses of
tracsfer of the equipseat frem ene wschine to sacther. A systea built
fato & trector to previds the driver with more {nferustion @
performance perameters weuld 02 part of the fategral design of the
tractor and sssecisted implemsats. Trassducers would be built iato the
body of the tracter sed weuld probably e less complex thes those wead
1n the Wye R aad D packege,

The waia problems of tfastelling such a system oa a trecter ave
maintaiaing cocugh flextibility and adsptadility to cater fer all the
differest cypes of eperation s which trectors are favolved ond
standerdising the isterfece detwees treseducers cn {splemeats, machisery
oad the tractor system.

The sicrecouputer provides Che esesssery flazibiiity by permitting
choages ia software for differeat typee of oporstien, It omsbles o

carriod out. Purther progreumes ney be sdisd oo odvesces ia techmelegy
oad oquipmeat chengse eccur, reducing the 1fkeifheet of cbseloscance.

A systen weuld seed to ceps with differest types, tumbers aad pesitieoss
of transducers. 1Ia evder te Psctilitste fsterchsageability end mintag of
oquipaent from dtfferent oscuress, oems stenderdicsties weuld W
sscessary. This weuld particularly apply te the 1iak Obetwees the
tractor ond dmplemsnts ia cvelatieon to ths pewer osuwpply to the
transducers and the sstute of the cutput signals frea thea.




A aicrecemputer besed systen Wuilt inte the trscter offere s flexible
and adeptable systea to cster fer all

systen s likely te be smnll relative 8o the-
taplemsats and labeur. A systen sheuld gy ¢ t: 1f quickly through
increased rates of werk, quelity of verk aif fomer .

1. 4n wpdste e autemetive alectrenic displags and fefesmstics eystems,

1. SAAZE, 5.6, (1964). A thees-potse maﬁ.—.-u
u'&-' 1 RS, Rageg Pug. 11 {1)e 33-57

3. WILSES, R.J. (19€3). A gy of M “Ml
qu’-.-t. ummm.» 151199 of 1, ’

4. WRIGHT, P, (1963). Displey cencepts for agricultersl vehicles. SAX
paper 830323, p 191-198 of 1.
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4 1. h e derived from those msasured snd
MMASWED PAMETIRG MERIVED PARAMETERS
Eagine Speed Ragioe Powsr
Coveraer Positics Pto Power
Pto Torque Gear Ratio
Drive Wheel Speed 1 Wheel Slip 1
Mpes Wasel Speed Meaa Wheel S11p
Drive Wasel Speed 2 | Wheel Slfp 2
Pesword Speed Brawter Pewar
Rerisental Dynemic Veight
3 Potat
Liskage Vertieal Werk Rate
Paress

Letersl Steeriag Fevose
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MEASUREMENT OF SOIL PROPERTIRES IN DRYLAND AND WETLAND CONDITIONS

D. GER-CLOUGH, N.A. SARGANA

AGRICULTURAL AP POOD ENGINERRING DIVISION, ASIAN INSTITUTE OF TECHNOLOGY,
P.0. BOR 27354, BAMGROK, TWAILAMND.

\

“\m effect of dsformation rate on cone iadex value, plate sinkage
parammters, ocheeion and intermal friction angle was msasured in a 4ry,
sandy loss s0il and in a3 saturated, puddled clay soil. The effect of
normal pressure ca calculated velues of ocohesion and internal friction
angle in the sandy loem soil was also investigated. Deformtion rate
4i4 not greetly affect any of the soil propertiss in the sandy loam soil
but significantly affectsd almost all of them in the puddled clay soil.
In the sandy loam so0il it is shown that normal pressure in the ring
shear test sust be cloes to that emerted by the vehicle on the soil
othervise large errors cam occur in calculating cohesion and internal
friction .gu.&

1. INTRODUCTION

™e main soil properties used in terramechanics theories are
cohesion, internal frictica angle, cane index value and plate sinkage
paramaters. The way in vhich cohesion, intermal friction angle and plate
sinkage paramsters are msasured is msant to simulate the passage of
vehicles thyough the ground. Cone index is simply somsthing which is
easy to magsure and has besn found to corzelats reasonably well with
tractive performence. BEven though the msthod of msasuremsnt is msant to
simulate the passage of wehicles it is unlikely in fact that it does
with the instrumants now in use. Wong' states that shear rates of 2-2%
cw/'s are common in off-road vehicles. There are very few shear meters
in existence which can be worked at 25 cav/s. It is likely that many
devices movw in use, particularly the hand-held devices. work at one-
£ifch of this rate or less. In sddition the rata of shear is wvery
rarely sven msasured. Similarly this rate of 25 os/s is roughly the
rate at vhich a 1.6 = dia. vheel trawelling at 1.6 /s and making a 4 o=
deep rut is compacting the soil. There are very few plats sinkage
meters wvhich can be used at this rate. The A.S.A.E. standard penetration
rats for cone penstrometers is 3 cays which is only one-eighth of this
rats. Similarly the pressurs which off-roed vehicles can emert on the
soil can freguently be 130 kPa or higher. There are fevw shear mabters
which can provids pressures as high as this while maintaining adeguate
contact area.

This study was undertaken to find out the likely errors in msasur-
ing soil properties 4w to failing to sismlats the oconditions csused by
the passege of vehicles. It was conducted in a dry, sandy loam soil
and a saturated, puddied clay soil.
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2. PREVIOUS WORK

ruluq’, in experiments in clay soil, msasured by how much the cone
index value increased or decreased when penetration speed was changed
from the "standard” 3 cm/s value. He found that below this speed the
cone index value decreased rapidly, but that above 3 ca/s the cone index
value tended to level off and that at a speed 1] times the standard value
the cone index value had increased by approximately 308, In similar
tests in sand he reportsd that no speed effects were apparent other than
those which could be explained by inertia effects.

Bmori and Schuring’ stated that the force required to push a plate
into the soil should be able to be modelled using the following equation:

F = !1(:) + fz(:. £) + ¢3(z. 2) essee (1)

vhere F = force acting on the plate
t = penetration depth

= plate velocity

nE N

= plate acceleration

They did not howsver produce any experimental evidence to support
the model.

El-Domiaty and Chancellor® mesasured the influsnce of strain-rats on
soil cohesion and internal friction angle of a saturated clay soil using
a triaxial testing machine. They found for both overconsolidated and
normally consolidated specisens that cohesion was strongly dependent on
strain-rate but that intarmal friction angle was indapendent of strain-
rate. .

Flenniken et. al’ used an apparatus in which a guided weight vas
dropped onto an unconfined soil sample. Strain rats was varied by
varying the height from which the weight was dropped. They reported that
dynamic peak stresses in the soil were from 100 to 500 percent greater
than the maximum stresses cbtained in quasi-static tests.

Stafford and Tenner® used a shear annulus to measure the effect of
rate of deformation on soil shear strength in a sandy clay loam and a
clay soil at differemt moisture contests. They reported a logarithmic
relationship hetwesn cohesion and deformation rate with only smmll
increases in colesion above a rate of 1 w/s. largs increases in cohesion
with increasing deformation rate were msasured ia the range 0-1 a/s
however. There was no clear relationship Detween deformation rate and
internal friction angle in these ewperiments.

Wong' states that msasuremsnt of eoil properties for terramechanics
analysis should be made using, for emsuple, loeding pressures and defor-
mation rates similar to thoss emezted on the soil by the passage of
vehicles. Ne does not quantify the errers which can be caused if these
conditions sre not siswlated adequately. In fact with msny devices for
masuring soil properties ia common wee today, particularly the hand-held
devices, it is almost inpessibls t simulate these oonditions. The

Mgt it ime e
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following experiments were therefore carried out with three devices now
in common use, namely a cone penetrometar, plate sinkage sster and shear
annulus to msasure the effect on soil properties of deformation rate.

In addition the effect of normal pressure on cohesion and friction angle
msasured using the shear annulus was also investigated.

3. APPARATUS USED

A Bevamster was designed to be mounted on the A.I.T. soil bin
carriage (Fig. 1). The carriage is basically a remote controlled tractor
with forward speed, lift arm position and power-take-off speed able to be
varied continuously during a rwn. A 50 kW diesel engine drives two
hydraulic pumps, one of which powers the drive wheels (primary circuit)
and the other the p.t.o. and 1ift arms (secondary circuit). When using
the Bevamater the flow from the secondary circuit pusp was diverted
through the Bevameter hydraulic system. This consisted of a hydraulic
ram, the fluid flow to which was controlled by a manual control value
which was pressure and temperaturs compensated. The system was designed
so that ram speed could be pre-set anywhere between 1-25 cm/s and would
stay constant whether the ram was loaded or unloaded. The Bevamster is
shown in Fig. 2 and a schematic of the system showing also the instrumen-
tation used is shown in Fig. 3.

The cone penetromster had a standard sized cond of 3.2 sq.cm base
area. The plate sinkage tests were carried out using 2 6 x 12 cm plate.
The shear annulus had an outside diamster of 30 cm and inside diameter
of 20 cm.

Two soils were used, a sandy loam soil with woisture content 3%
(d.b.) and a saturated, puddled, clay soil. The clay soil was prepared
so that it simulated a rice field ready for seedling transplanting. The
sandy loam soil was in a similar condition to a dryland seedbed.

4. RESULTS

ter experiments are shown in Fig. 4.
1 was sssn o have a distinctive layered pattern

with the szone 0-135 cm being such different than the sone 15-30 cm.
index

the
sone 0-30 om.

sandy loam soil was independent of rate of
psnetration in thess emperimsats but come index in both layers of the

clay soil was stromgly dspeadent on pemetration rate. The best fitting
straight lines to the data for the clay sofl were:

0
[ ]

10 + 31 Vv (uper layer)
and C = 06 4 301 V (lower layer)

eeses (2)

where C = come index wvalwe (kPe)

V = oenetration rate (w/s)




O —

rig. 1.

AIT Soil Bin Carriage
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Using these equations the cone index values at the ASAE standard rate of

penetration of 3.05 cm/s are 11 kPa and 89 kPa for the upper and lower

layers respectively. At a penetration rate of 25 cw/s these values

become 18 kPa and 111 kPa respectively. These values are, of course, |
very low but the increase in cone index values msasured at 25 cw/s

cospared to those at 3.05 ca/s was 64% for the upper layer and 25% for

the lower layer.

4.2 Plate Sinkage Parameters

The pressure-sinkage relationship for the plate was assumed to be
of the form:

P = ki ceees ()

where P = pressure on plate (kPa)
k = sinkage modulus (kl/-z"')
£ = ginkage (m)
n =« aexponent of sinkage

The effect of penetration rate on k and n is ahow in rigs. §
and 6. The data were cbtained by repsating each test at a particular
penetration rate 5 times, calculating the msan pressure at particular
sinkages and then computing msan values of k and n. Owoe again in
the clay soil the layer 0-15 cm was treated separately from the layer
15-30 cm.

In the sandy loam soil both X and n decreased as penetration
rate increased. The equations to the lines shown are:

k = 540 - 440V
LR (‘)
and n = 0.32-~-0.4V

In the clay soil, k increased with increasing psnetration rate in
both upper and lowsr layers, the relationships being:

k = 1% ¢+ 12V (upper layer)
- LE RN N (5)
and kK = 186 ¢+ 449 V (lower layer) .

n for the lower layer was independent of deformation gate but n for the
upper layer decressed as &aformatisn ra®e incréased and the relationship
was o

n - 0.5 - 0.“' XX XY “)

wong’ states that mvet existing plate sinkage seters have a penetra-
tion rate of fyom 2.3 t0 3 ow/s. Using the higher valwe, the d4ifferemnce
in k and n valuse et § and 23 ow/s is showm in Tedle 1.
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Computed valus of k(kit/n*™)  Computed valwe of a

soil

S coa/s 2% cw/s S ca/s 25 ca/s
Dry sandy loam S 43 0.3 0.22
Puddled clay 16 20 0.40 0.3
(upper layer)
Puddled clay 208 290 0.7 0.71

(lower layer)

Table 1 Computed values of sinkage modulus and exponent of sinkage at
different penetration ratss

The physical significance of the data in Table 1 is not imsmediately
obvious since it is the pressure under a wheel or track which we wish to
predict and this involves using both k and n. Pigs 7 and 8, using
the data from Teble 1, show the predicted plate pressure-sinkage
curves for the sandy loam amd clay soils at 5 and 23 cm/s psmetration
rate. It ocan be sesn that there is »0 very strong sffect of rate of
penetration on plate préssure in the sandy loam soil. Predicted pressure
at 30 cm sinkage at 23 ow/s penetration rate is only 9 less than the
valus at the same sinkage at 3 cw/s.

There is a very strong effect in the clay soil however. Predicted
pressure at 30 cm. sinkage at 25 ca/s penetration rate is 44\ greater
than the valus at S ca/s.

4.3 Shear 8 Paramsters

The ring shear tests were carried out at deformation rates of from
6.9 to M.5 ca/s, calculated fyom the mean redius of the annulus. These
corresponded to 5 to 2% oa/s ram welocity. Wormal pressure in the sandy
loam soil was varied wp to a manimum of 123 kPe, however this wes fownd
to be quite ispossible in the clay soil dus to emoessive sinkage of the
annulus. To avoid this envessive sinkage normal pressure in the tasts
in the clay soil had to be limited to a maximm of 15 kPa. At each
deformation rate and normal pressure, each test was repeated 5 times.
Values of the maxisum shear torqus from each of thess tests was used to
calculate maxisum shear stress at sach normsl pavssure and the sum of
all such dats at all the normal pressures used to calculate cohesion and
angle of internal friction at esch deformmtion rats. The curve of shear
torque against smgle of rotation showed a clear-cut maximmm valws in
the sandy loam soil, falling off o ¢ constant residual level. Mo suoh
clear-cut maximm existed in the thsts ia the clay ®oil. In these
tests the valus of shear torque at 30 deg. angle of rotation was takea
as iadicative of sanimun shear atress.
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deformation rats increased. The relationship wes:

¢ = 22.3-0.2 Vl essee ()

RIS PN o,

where ¢ = angle of internal friction (deg)

vl =  Jdeformation rate calculated at mean radius of
annulus (w/s)

Using equation (7) the predicted angle of internal friction is
20.2 deg. at 25 cm/s deformation rate as against 21.9 deg. at 5 cw's,
a decrease of .

he angle of intermal friction was independent of deformation rate

in the clay s0il but cohesion was strongly dependent. The relationship
wast:

¢ = 1.17+ 3.8V

1 cenes (8)

wvhere ¢ = cohesion (kPa)

LTRSS ey

Predicted cohesion, using this equation is 52% greatsr at 25 cw/s
daformation rate than at 5 ca/s.

Txarera

he shear torque against normal pressure curves showed a distinct
non-1inear tendency in the sandy loam soil. Fig. 1l shows typical data
along with the best fitting straight line and exponential curve. The
exponential curve gave a much better fit to the data than d4id the
straight line although the straight line fit was statistically signifi-
cant. Pig. 11 indicates that, as long as the normal pressure used in
the ring shear test is close to that emerted by the wehicle on the soil,
8 linesar relationship between shear torque and normal pressure is
adequate for calculating ¢ and ¢. HNowewer, if much lower pressures are
used, snd the resulting caloculated ¢ and ¢ used to estimats maximum
shear stress at much higher normal pressures than those used in the
tast, then large errors can be expected.
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the upper and lower layers of such soils are so different it seess likely
that soil properties of each laysr will have to be msasured separatsly.
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THE MEASUREMENT OF SNOW PROPERTIES FOR MOBILITY APPLICATIONS:
THE UNFROZEN WATER CONTENT.

DR. W.L. HARRISON, DR. G.G. GIMMESTAD, AND DR. S.M. LEE
KRC, MICHIGAN TECHNOLOGICAL UNIVERSITY, HOUGHTON, MICHIGAN 49931

l‘ INTRODUCTION

The free water content of snow has been used in over-snow vehic-
le mobility studies only in a documentary menner. described by
the International Classificatfon for Smow (NRC, 1954 free water
content of snow is indicated by the terms dry, moist, » VEry wet,
or ﬂ{"’b The definitions of these categories are shown in table ).

Thi

the range of conditions, Heted—in—Teble-B) the vari-
ation of free water obviously has a si;’nificmt effect on the snow
strength parameters used in vehicle performance evaluation. During a
testing program this past winter (1983-1964) at the Keweenaw Research
Center, which involved vehicles attempting to negotiate snow obstacles,
free water content was measured and included as snow characterization
data along with density, grain size, and snow temperature. Of partic-
ular interest to this paper was the difference in test results. of two
snouw obstacles having the same classification wnder the International
system, i.e. "wet". The free water content of the two types of snow
used to form the obstacles wes measured, by calorimetry, to de 16 %%
-percent and 26 pencant B

Without dwelling on a particular test series as mentioned above,
it would be a significant improvement in the characterization of snow
if free water content were stated as a quantitative value. This
would allow, for example, establishing the relationship between the
smount of free water and the smow strength, m:hm:g the effect of
free water content on the snow compaction process, which has an
important role in vehicle performence.

FIELD MEASUREMENT OF FREE WATER CONTENT

In field measurements, simplicity and economy are important con-
siderations, because they often determine the ultimate accuracy of a
method. Some methods which are suitable in the laboratory are not
suftable for field use. In the discussions which follow, 1t is
assumed that basic measuremsnts of mass and temperature are performed
in the field, with errors typically of :0.1 gram and 0.1 Celsfus
degree.

A discussion of fouwr calorimetric methods follows, with an
appraisal of their ysefulness for field measurements. In this dis-
cussion, the equations for calculating the free water content are
presented without calorimeter correction terms, in the interest of
clarity. For each method, at least one reference is given, and the
ufn!c calculations are performed using typical values from these
references.

e
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1. Melting Calorimetry (Yosida, 1960; Akitaya, 1978)
The equation for melting calorimetry is as follows:

1
Fell- (T, -T,) M, - T
{ 79.‘"2[ - )W zz]}xloo

percentage (by weight) liquid water
initial temperature of hot water (°C)
final temperature of hot water (°C)

) = mass of hot water (grams)

M, = mass of snow sample (grams)

where

-t "
L K I ]

—

K

A typical numerical example (Akitaya, 1978) is shown as follows:
1
133 = {l - — [(45 - 26) 125 - (26) 2% x 100
(79.4) (25)
The sensitivity to errors is as follows:

Parameter Sensitivity

T, -6.3%/°C
T +7.6%/°C
Hf -1.0%/gram
"z +4.8%/gram

The sensitivities to error were found numerically, by varying one
parameter at a time while holding the other parameters constant. The
meliting calorimetry method is rather simple. It requires transport-
ing hot water to the field site, but this is easily done with a thermos
type container. Akitaya suggests the additional expediency of trans-
porting prepared (and weighed) bottles of hot water to the test site
and returning the melited snow and the water mixture to the laboratory
for weighing, so that no weighing is necessary in the field (private
commnication, 1983).

Both Yosida and Akitaya state an experimentally determined uncer-
tainty in F of approximately :1%.

11. Freezing Calorimetry (Jomes, 1983)

The equation for freezing calorimetry is as follows:

M, (T, - T,)C T2 ¢4
F + x 100
79.4 nz 79.4
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initial temperature of freezing medium (°C)

1) « final temperature of mixture (°C)

Mf = mass of freezing medium (grams)

M, = mass of snow sample (grams)

Ce = specific heat of freezing medium (cal/g°C)
Cy = specific heat of ice (cal/g°C)

A typical numerical example is shown as follows:

2.7% = [(400)(-17-(38)) (0.44) , (-17) (1)

x 100
(79.4) (160) 79.4 ]

The sensitivity to errors, calculated as for the previous example, is

as follows:

Parameter Sensitivity

T, -1.4%/°C
T +2.7%/°C
Nf +0.07%/gram
"2 -0.18%/gram

It should be noted that sensitivity to errors in the temperature
measurements is, in fact, less than that for melting calorimetry. Ffor
the interested reader, the reasons for this are discussed by Colbeck
(1978). However, in comparison to melting calorimetry, freezing cal-
orimetry is expensive (requiring cold silicone of1), time consuming
(requiring a minimm of 20 minutes per test), quite sensitive to
operator technique, and it requires considerable data analysis.

The experience of the authors during an extensive series of
field measurements was that :3% is a conservative estimate of exper-
imental uncertainty in free water content measured by this method.

I11. Freezing Point Depression (Bader, 1950)

The equation for freezing point depression calorimetry is as follows:

1 T(M + co)
FeglC - —— - ¢ [x100
79.4 °

-f'sﬂ R~

freezing point depression (°C)

mass of snow sample (grams)

mass of liquid water in nitial solution (grams)
mass of 1iquid water in final solution (grams)
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A typical numerical example is as follows:

1 [119 _ (1.43)(100 + 98) _ 93] 100

17.4% =
00 79.4

The sensitivity to error is given as follows:
Parameter Sensitivity

M +0.2%/gram
T +86%/°C

While this method is the simplest, requiring only the addition
of a dilute solution of sodium hydroxide to a known quantity of wet
snow and a measurement of the temperature depression, it is not con-
sidered suitable for field use. In order to obtain an uncertainty of
+1% in F, T must be measured with an accuracy of :0.01 °C. This is
not realistic for field work. Colbeck (1978) states that the greatest
error would probably be introduced by inaccurate measurement of the
molal concentration of the sodium hydroxide solution.

IV. Alcohol Mixing Calorimetry (Fisk, 1983)
The equation for alcohol mixing calorimetry is as follows:

F-[ 1 [q,-(nm)cTz-nc T]} x 100
79.m,

T, = initial temperature of alcohol (°C)
= final temperature of sowuon (°C)

n’ = mass of alcohol (

ll2 = mass of snow sample (gras

Q5 = heat of dilution (calories

C, = specific heat of alcohol (cal/g °C)

Cg = specific heat of solution (cal/g °C)

where

A typical numerical example is as follows:

(79.4) (25)

The sensitivity to errors is as follows:
Parameter  Sensitivity

118 = {l . S [625 - (80 + 25)(0.68)(-16)] }x 100

y o e
+ ream
r? +3. “/2

2
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The alcohol mixing method is both simple and economical. It
requires transporting very little to the field site. The sensitivity
to temperature errors is more in line with those of freezing calor-
imetry than with meiting. However, there are some weaknesses in this
method, as it has been described in the 1iterature. At the present
time, it 1s not possible to calculate the heat of dilution Q, from
basic thermochemical data, so the procedure is to fix three parameters
(the mass of the snow sample, the mass of alcohol, and the alcohol
temperature) and calibrate the method, by using it on prepared snow
samples of 0 and 100X free water content. A linear interpolation f{s
then used for data between these two extremes. The systamatic error
caused by this linear approximation 1s not known, and the fact that
precisely weighed samples of snow and alcohol must be prepared in the
field is a disadvantage. The method does, howaver, appear to hold
great prowmise.

There are several suitable methods available for measuring free
water content under field conditions, for smow-mobility purposes.
mm?n some methods are apparently more accurate than others, a 5%
error is probably acceptadle. One must be aware that in all cases dis-
cussed so far, only wet snow (0°C) fs considered. Quantitative values
of free water content are & necessity for more detafled amkm such
as its effect on strength parameters and critical density (which re-
lates to the compaction process) of snow (Marrison, 1961). These
snalyses will be restricted to laboratory tests, since field calor-
fmetric accuracy {s on the order of a few percent.

The other reason that an uncertainty of +5% s acceptable lies in
the inherent variability of smow on the ground. Variations in surface
crystals and the surface profile in a rather small area can produce a
natural varfation in free water content approaching, and in some cases
greater than, 5%.

In conclusion, we feel that the quantitative valye of the free
water content of snow is an important parameter in vehicle perform-
ance evaluations, and that there sre sdequate means available for
field measurements.
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TABLE 1.
FREE WATER CONTENT

Term

Remarks

Dry

Usually T is below 0°C, but dry smow can occur at any
temperature up to and including 0°C. When its struc-
ture is broken down by crushing and the loose grains
are lightly pressed together as in making a snow ball,
the grains have 1ittle tendency to cling to each other.

Moist

T = 0°C. The water is not visible even with the aid of
a magnifying glass. When lightly crushed, the snow
has a distinct tendency to stick together.

et

T = 0°C. The water can be recognized by its meniscus

between adjacent snow grains, but water cannot be

mm out by moderately squeezing the snow in the
s.

Very
Wet

T = 0°C. The water can be pressed out by moderately
squeezing the snow in the hands but there still is an
appreciable amount of afr confined within the snow
structure.

Slush

T =0°C. Snow flooded with water and containing a
relatively small amount of afr.

B
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N TER MODIFICATION OF SOYL STREWGTH CHARACTERISTICS

AD-P004 391

DUR 70 THR PRESENCE OF VEGETATION

I. LITTLETON and J.G. NETEERINGTOM
ROYAL MILITARY COLLEGE OF SCIENCE, SMRIVENNAM, SWINDON, WILTS. SNKé 8LA

{/ INTROCUCT ION

Although there has been considerable effort devoted te the study of soil-
vehicle intersction sand soil working processes, very little attestion has
beea paid to the effect of vegetation on these processes. Grester
attention is beimg given to the reinforcement of soils using geotextiles,
and the use of polymer based structural matting to provide temporary re-
furbishment to weakened soils for vehicle passage over strategically
important areas. It is now pertinent therefore to examine the com-
tridution made by fidbrous material to soil strength end the possidilicy
of enhancing the stremgth of soils by the addition of srtificisl fibres.
Claarly the traction that a vehicle is able to mebilise from a soil {s
deternined by certain vehicle paramsters (e.g. weight, contact ares,

tyre tread or track comfigurstion) amd certain soil properties.

2qually the sinkage and rolling resistance of a vehicle is governad by
vehicle characteristics (e.g. wheel sise, track size and weight) and
certain soil properties. In each case the dominant soil
characteristic vhich affects traction, sinkage and rolling resistance is
shear strength. A high shear strength will enmhance trsctiom and reduce
resistance giving rise to s higher drawbar pull and generally better
cross country mobility. Similarly, the greater the shear strength of
soil, the grester will be the forces acting on esrth working implements
and the energy dissipated during working. "

The Pourth Geotechmique Symposium in Print (1) presented several papers on
soils containing vegetation but there was no contribution here on the
effect of vegetation on shear strength. Beaton (2), verkiug at RMNCS,
found that experimencs performed on naturally occurring soils contasining
vegetation failed to isolate the contribution of vegstation from the meny
other varisbles iufluencing soil shear strength.

This paper descrides a programme of work to investigate the effect on
shear strength of the presence of fibrous material. A programmes of
experimentsl work exsmined the effect of adding artificial fidres to
clays and a theoretical model of fibre reinforcement wee developed to
sccount for the principsl findings. The shear box wes used throughout,
since it most mesrly medels the enforced failure along a prescribed
failuve plane, charactervistic of soil-vehicle {ntersction. The
theoretical nedel, whilst derived by speuific refereace to the shear box,
yields @ description of shear strength cheracteristice with wider
potential spplicstions.

The simple model comsiders a vandom distcribution of stromg, straight
fibres of length ¢t and diamster & vith a sell of waveiaferced quick
undrained, shear streagth, £, comtained in a shear box of height, b, and
side length, a. The oriestation of & fidre is specified in the verticel

e+ e e




L4

1188

plane by its inclination of 6 to the horigontal and with the horizontal
plane by its inclination, ¢, to the direction of shear (Fig. 1). If the
fibres are strong in
comparison with the soil, dis-
placement of the shear box will
be accompanied by a combined
process of fibre extraction and
incision. The model initially
examines a straight fibre per-
pendicular to and
sysmetrically placed about the
surface of intense shear and
assumes that the defcrmed
shepe of the fibre consiste of
circular arcs and straight
lines. Pig. 2 shows the fibre
after a relative displacement,
x, of one half of the shear box
over the other. Both the
surface of intense shear and
t:c original site line of the
fidbre are tangential to the
Figure 1 circular arc, AB. During sn
increment of shear box die-
placement the fibre moves to & new configuration shown in Pig. 3. Both

-~

Tigure 2 Pigure 3

the leagth of arc, A'D', and the radius of curvature mwet increase to
msintsin the condition that beth the surface of istense shear asd the
original fibre site lime are temgestisl to the arc A'S'. From this
assumed mode of dafermstien, the displacemsnts ¢X and 8Y of & point on

the fibre cen be determined and cemverted {ato couponeats és asd 8t, per-
pendiculer and tangential to the fibre. Clearly thea, during an incrememt
of displacement the fibre both slides gleag its capillary end cuts
through the seil. °

The resistense to eliding is given by the preduct of the adhesion and the
contect surface ares betwesa fibre end ite capillary, whilst the
resistence to cutting is given by the preduct of projected contact ares

b imbingt
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and the bearing capacity. Hemce the amount of work done by an element of

fibre during an incremental displacement of the shear box is calculated,

and summed over the circular arcs sbove and below the surface of intense

shear.  To this is added an extrs term to sccount for the work done in

extracting the fibre from the straight portiom of the cepillary. This ,
gives the extra amount of work dems during an incremental sdvance of the i
shear box dus to the presence of a single fibre normal to end

symmtrically placed about the shear surface. 1n reslity all fibres with

a particular inclination cam be sited with their centres at any distance

betwesn sero and t/2 from the shear surface. Those more remote than this

will not be counted as intersecting the shear surfece snd will not com-

tribute to the shear strength of the composite. The emergy of deformetion

associated vith ¢ fibre vill vary from a maxis-m when its centre lies in

the plane of intemse shear to sero when one end lies in that surface. .
Asouning & linear decrease in energy with eccentricity, it cam be shown
that the average energy of deformation is one half of that for a
symmetrically placed fidbre. The above snalysis could be extended for a
fibre at any inclination, &, or orientation, ¢. However, for the purposes
of this study an approximstion was made by sssuming that the effective-
ness of & fibre in providing reinforcement was a maximum when it was per-
pendicular to the surface of intense shear and nil when it was parallel to
the shear surface. MNoreover it was assumed that orientstion in the
horizontal plane was immaterial.

Finally ic is necessary to obtain an expression for the total awmber of
fibres intersecting the surface of imtemse shesr. By ceasidering a shear
box of side length ‘a’ containing seil with s velume fraction of fibves is
'f’,‘u e:l be shown that the mumber of fidres imtersectiag the shear
suriace is

gt
a2 s 20/4
ire derivation are conteained im referemce 3, but for

ont
tessens of brevity are omitted hare. The final expression for the extrs
shear to the presence of fidres obecained frem the showe

(-u—r:—im{[IGO(l-"'&);q“ll("z)':‘} )

vhere f o volume fraction
d = fibre diamster
L = length of fibre
B, = Tersaghi's besring capacity factor

e, sfesion

¢ = unirained shear streagth
x = shear box displacement

This theory predicts thet the extra shear stress which cen be mobilised
frem a 2011 due to the presence of fibres is proportionsl te

(1) the volums fraction of included fibres;
{i1) shear deformation.
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EXPERIMENTAL WORK

A series of shear box tests

vere performed on carefully pre-
pared specimens of illite clay
containing prescribed fractions
of fibres. Moisture content vas
accurately controlled since the
clay composite was formed by
adding fixed smounts of water to
s mixture of dry powder and
fibres. The properties of the
illite clay are presented in
reference 4. The fibres were
ti{brillated polypropelens string
of average length 30.3 mm

(Fig. 4). 1t can be seen from
Fig. 5 that the soil/fibre
system produced in this way Figure &
resembled naturally occurring

soil/root systems.

Natural roots 42 artificial fibres in
Illice Clay
FPigure 5

The principle adopted in forming a range of fibre reinforced clay samples
vas that the fibres were essentially inert components in the system. The
ratio by weight of water to clay powder was maintained at a fixed value,
so that the mechanical properties of the matrix material were constant
throughout the series of experiments. To this matrix was added a quantity
of fibres to provide weight fractions of 1, 2, 3 and 4% fibres. It has
been observed (5) that naturally occurring roots seldom occupy more than
5%, by volume, of the surrounding soil. Por the meterials considered here,
a 4% weight fraction squates to 13X volume fraction, so the raage of this
programme covers that normally found in nature. PFurther details of the
experimental technique are contained in reference 6. A typical set of
shear box results are shown in Fig. 6.

e et ot ——
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. DISCUSSION OF RESULTS

Fig. 6 shows that, as predicted, the inclusion of fidbres enbances the
shear stremgth of soil. Since equation | predicted the extra shear stress
which {s mobilised due to the presence of fibres as a function of shear
box displacement, this is presented from the same data in Fig. 7. These
graphs confirm the prediction that the mobilised shear stress increases
with shesr box displacemant. Bquation (1) further predicts that the shear
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stress at any displacement will be proportional to the volums frection of
fibres present. The experimental results gemsrally confirm this
prediction. Fig. 8, for example, shows the extra shear stresgth
wobilised for this set of results
at a shear box displacement of
4 wa. Naviag established broad
correlation dbetween the pre-
dictions of equation (1) and the
observed vesults, it would be of
interest to test the ability of
equation (1) to make quentitative
predictions of shear strength.
The difficulty vhich arises here
is in chconxmlu of the

quantity ;-l. the fidre/soil 1

sdhesion factor. Dy taking an
esstimated figure of 0.1 for this,
the predictions of egquation } cen
be compared with the results of
Pig. 7. These are presested for
2% and 4% f£ibre comtemt in Pig. 9.
The agreamsat of Fig. 9, slbeit
dependent upon an estimated

value for adhesion facter, is
ovidence that the theory lesding to equation ) effectively dascribes the
salient phencnens of deformation of soil/fibre composites. Thia
strengthening effect of £ibres has also beeu observed in ssnds and eiltcs,
the resulte of which ave also presented in referemce 6.
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The presence of fibres, either

natural or artificisl, will

increase vehicle tractiom,

reduce rolling resistance, and

increase draught forces on ’
esarth working machinery. Clearly i
the presence of vegetation in ;
soils is of importance to both

the agricultural and military

enginesr. It is not difficule,

for example, to envisage a

scenario in vhich the

deposition of artificial fibres

could transform from impassable

to passable a strategically

important srea of terrain, thus

emsuring the safe psssage of a

convoy of vehicles.

In susmary, this paper has sought
to examine the effect of fibre
inclusion on soil strength. Within the limitations and accurscy normally
associated with this field of study, it has correctly accounted for the
strengthening effect of fibres through a quantitative description of the
deformation mechanism.

CONCLUSI0NS
1. The inclusion of artificial fibres in real soils provides a useful
technique for examining the effect of vegetation on shear stress/
deformation properties of sofls.

2. A theoretical modsl based on s combined fibre sliding and cutting
mechenion predicts the following:

(1) Shear stress is proportionsl to volume fraction of fibres.
(i{) Shear strass is proportional to shear deformation.

3. Experimental tests on an illite clay containing fibrillated poly-
propelens provide supportive evidence to confirm the sbove predictiens.

4. An sssumed value of aftwsion factor enables a reasonsble correlation
to be established batween predicted and observed behaviour.
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RICROWAVE SENSOR FOR THE TRAFFICABILITY STUDIES OF SNOW

M. SAARILANTI
UNIVERSITY OF DAR ES SALAAM, DIV. OF FORESTRY, MOROGORO, TANZANIA

{1 1. BACKGROUND

studies into the vehicle snow mobllity are being intensiffied
(BRO'N~+&C;). OQutside the field of transportation, snow prop-
erties are widely studied for predicting spring floods. Hel-
sinki University of Technology is actively involved In these
studies and a new tool for measuring snow properties has been
developed, by Rsofessor M. Viurli (TIURI and SENVOLA—96E). This
paper discusses the use of a microwave sensor in measuring
snow properties for mobility evaluation.

N

N
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* In ninter conditions snow is an important mobility factor u-'d
‘::, p y
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11. Dielectric properties of snow

The dielectric properties of a certain medium determine the
propagation of an electromagnetic radiation through it. Short-
ly these dlelectric properties can be described using the real
part of the relative dlelectric constant (£1) which {s related
to the velocity of the radiowave and the imaginary part of the
relative dielectric constant (t;). which describes the energy
losses in the medium.

The dielectric properties of snow depend on

- density of snow

- wetness of snow,

Wetness is liquid water, i.e. watér molecules which are not
a part of snow chrystals (TIURI and SIHVOLA 1982).

Thus by measuring the dielectric properties the density and
wetness of snow can be calculated, The loss factor is pro-
portional to the frequency. Thus, by measuring the resonance
frequency and the amount of attenuatlien using an open resona-
tor, the snow characteristics can be obtained, either by using
mathematical models or experimentsl equations. En Fig. 1 the
dependence of £ and the loss factor (tan é = T!) is pre-
sented as a function of snow properties.

{ 12. MWicrowave snow gensor ;

The microwave snow sensor is composed of a copper fork-antenna
connected to a small metal box at one end containing the elec-
tronic circuits. The length of the fork is about 10 cm and
the total length of the apparatus is less than 0.5 m. The
mass is sbout | kg. The small incorporated battery can be
recharged and it supplies the sensor for several hours. The
sensor is thus easy to use in the terrafin.
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Fig. 1. Dependence of snow properties on dielectric
properties (after TIURI and SIHVOLA 1982).
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Measurements are made by pushing the antenna into snow., If
the sensor {s fitted with a displacement transducer and a
small cassette recorder, a contlnuous profile can be regis-
tered. Spot-like results can be read on dials.

2. FIELD TESTING OF THE MICROWAVE SNOW SENSOR

A small field test was arranged in Apri]l 1982, The spring

was advanced, and the alr temperature was above 0°C. Snow was
coarse grained, wet and many layered. Snow density or wetness
were not measured. The cone index was measured using a farnell-
penetrometer. The dial was read at maximum penetration re-
sistances within the penetration depth of about 5 - 10 cm. As
known the CI-response during snow penetration is toothed and
thus the obtained Cl-reading 1s rather inaccurate. Values
less than 10 could not be read.

The microwave snow sensor measurements were made In the hori-
zontal direction in snow walls., The sensor was pushed into
the snow and the readings (Flg. 2) were taken. After this the
cone penetrometer was pushed fnto the same layer and the CI
reading was taken.

Observations were made at 8 points and of these &4 were on
natural snow cover and & on packed snow. In total 4} obser-
vations were made,

3. RESULTS

A very good correlation between the measured real part of the
dielectric constant and the Cl-value was found. The best
mode] was

I - 0.0056 81768 | p . 90a*** N .oy

The scatter diagrae is presented in Fig. 3.

If the €.-value is under 1.70, no remarkable penetration re-
sistance is found. Above that, the penetration resistance
increases rapidly. The scattering of results is partly due
errors in Cl-readings. A3 mentfioned earlier, the measurement
of snow by a penetrometer Is difficult. Another source of
scattering is the presence of thin icy layers in snow. The
snow sensor was pushed Into the layer and kept in it, but the
penetrometer might have been pushed out of this thin layer.
As a comparison, we can give the &, -value of ice, which is 3.2
and diminishes a lilttle If there is alr inclusion in ice
(COOPER et al. 1976). These values seem to fit well, because
the & .-value of hard packed track was 2.0.

4. APPLICATION OF RESULTS

The snow sensor is a simple and easy device for field measure-
ments. The readings can be converted into

- density and

- wetness

characteristics of snow, and thus the volume-weighing of snow
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Microwave snow sensor seasureament,
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13 unnecessary. The penetration resistance and shear strength
can be calculated. The wetness is a very important factor in
certain conditions, for example when resulting in clogging of
steel stracks. Therefore, more detalled studies in the appli-

cations of this technique in the field of terramechanics are
needed.
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A LUSRICATED CONE PENETROMETER FOR QUANTIFYING THE SOIL PHYSICAL
CONDITION

E. W. TOLLNER
AGR. ENGR. DEPT, UNIVERSITY OF GEORGIA EXP. STA., GRIFFIN, GA 30212

INTRODUCT 10N

JYM cone penetrometer has for meny years been used to characterize
sofls in terms of cone index fa tillage, trafficadbility and sofl-plant
intevaction studies. The Instrument is highly portable and makes poss-
ible many msasurements in a relatively short period of time. It s,
therefore, been wied widely to characterize soils where varfation fis
often considcnblo.

The earlfest application of the penetrometer was reported in 1940
for predicting the coefficient of roning resistance (see McKibben and
Hull, 1940). The U. S. Waterways experiment station (1948), considering
looa sands and saturated clays, extessively studied trafficability.
They 1ntroduccd the concept of "remoldi ndex® which attempted to
sccount for the fmpact of subsequent treffic omn so0fl trafficability.
Zelenin (1950) presented an ampirical relatienship relating come index
(with an tmpact penetrometer) to draft ferces of vartouws cutters. Sud-
sequent studies have shawm that the coefficients in tta relationship
cha considerably with depth and sofl type (GI11 and Vanden Sery,
1968). Wimmer and Lnth (1974) presented a relationship between the cone
index (average over 15 con depth) and tractien. Their methed performs
bast in firm sofls (Lilgedahl, et al 1979). Al the results given were
largely empirical and should, therefore, be ssed with caution.

Although come fndex 1s useful for relative risons and for
correlation with other field data (under comsistamnt sofis and sof) condi-
tions), this index, in an absolute sense, is difficult to interpret due
to uncertainty in the s01] reaction. The interpretation of cone index
is complicated beceuse 1ts value {s dependant on both the 5041 chavecter-
istics and the sofl-cone interaction. Soil faflure characteristics and
sofl-cone intersction are complex and depend upon moisture, demsity,
stress history and sof) type.

A cogrehensive theery or model describing the sefl tion
::ouma“mimwnﬂsnmum Efforts have
~o to methamatically doscribe the penetratien process i such
mc mmu-mm 0.8. Greacen et al.
”z by shest pi ‘o.:; Sonperiat, 1979). Grescen ot al.
(l , oxplained that m u! u’lleu nur penstreting
vt iAo .......1,' e dameter
an e, Cone »

uﬂ-uu!”-m m “ ‘n »y

Yos, " $isplesament petterns
:..m feden campared to qlialnu! ] m-c m inter-
protation of cone fndex data wuld be stplified uﬂ fatlure

— udl
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geonetry is more consistent in a range of sofl conditions, as consistant
sofl displacenent enhances developrent of mathamatical models.

A penetrometer ws modified (by adding lubrication) with the anti-
cipation of simplifying soil faflure geometry and of obtaining two
indices; (a) cone index (with reduced sofl-metal frictiom), and (b)
“relaxed” penetration pressure (pressure at ) minute after insertion
ceases). It was thought that the modified penetrometer will bring about
a radial soil displacement due to reduced soil-metal friction, thereby
better defining the soil reaction. For clarity, the new instrument wes
called an “impedometer.

Results cupu-in% the performance of the impedometer and penetro-
meter in several types found in Southeastern United States are
presented and discussed. Cone index and relaxed pressure of penetro-
meters and impedometers are ¢ red in 4 sofl types, 2-4 s01) moisture
Tevels (depending om 304) workability), 2-3 sofl compaction levels, and
4 cone angles. Before presenting results, modifications to the penetro-
meter are given.

MODIFYING THE PENETROMETER TO BRING ABOUT RADIAL SOIL DISPLACEMENT

The concept of impedometer was besed on using lubricating polymers
to reduce soil-metal friction associated with a come trometer.
&1&0 5% polymer-mater mixture, Schafer et al. (1975) rveported a

reduction in soll-mets?! friction. To achieve similar reduction
in sofl-meta) friction in a penetrometer, a hollow cone, with four ports
Tocated 90° apart in a circumference as close to the cone tip as struc-
tyrally possible, was used te introduce lubrication at the sefl-cone
interface. The Dase area of the cone was the same as the small ASAE
(1982) standard cone penetrometer. The hollow cone, mounted st the end
of a hollow shaft connecting the central passage of the shaft with the
inside cavity of the cone, pemitted the supply of the polywer lubricant
under pressure throygh the four ports at the soil-come interface.

MATERIALS AND METHOOS
Test Apperatus

The penetrometers and fimpedometers were comstructed with four
selocted cone angles of 15°, 20°, 25° and 30° (ASAE Stamderd). This
range of cone les ws moun m the desired vedial fatlure
pattern nt considered most likely within this r” of angles. Twe
base area for all four cones ns 1.29 {0.20 #n®) in mﬁuu with
the ASAE Standards (mzz The lubricated «m br the w
wre constructed by dril) four 1.6 sm dia. ports Jocated 50° apert on
& circumference ot about 1/3 cone Mot from the tip. A cavity 1a the
cone ms formed by drilling with a 4.3 mm (3/1€ W.) drill Mt fram th
base of the cone to a depth where the four ports comnectud with the
cavity. m cm ns then sttached to & hollow shaft comnecting the
center ur mmawmcmm m::n.&m
permitted & lubricont, introduced wnder presswre in the conter paseege
of the sheft, uﬂammunmrunm(hnmm wrm
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1983). The Tubricant was a 5% mixture of Nalco'*Z TX270 polymer.

The penetrometer was attached to 2 Sozkg load cel) mounted in the
top stationary cross member of an Instron® testing machine. A rigid
plastic bucket containing a test soil wes placed on a platform mounted
on the moving crossmember. The crossmember was moved towsrds the sta-
tionary penetrometer to allow the penetration of the cone in the test
soil at a fixed rate of 480 mn/minute.

Test Media Preparation

Four test sofls, silica sand, Lakeland sand, Tifton sandy loam, and
a Cecil sandy clay were employed for the study. The test sofls were
prepared by air drying and sieving through a 2mm seive for removing
debri and adjusting moisture content by efther drying or adding water to
obtafn the desired sof) moisture within the selected range of 5-22% (dry
basis). Test samples of each sotl-moisture level combinations were
prepared by pouring 9630 gm. of sofl or 15850 gm of sand (afr dry equiv-
alent weight) into 19 1iter rigid plastic buckets and compacting the
sample using a 12 kg. weight falling 2 distance of 30.5 om. onto a 1.27
wn thick by 26 mm diameter wooden disc. For each sofl-moisture combina-
tion, three levels of compaction were obtained by applying either 3, 6
or 12 blows to the Toosely filled test sample. Samples were then sealed
and stored, undisturbed, for at Jeast 24 hours.

Penetration Procedure

A sample in the bucket was carefully placed on the testing machine
S0 as to not deform the bucket. After mounting the desired cone, the
lubrication pump was either switched on for the impedometer tests with
hollew cones, or wes switched off for the penetrometer tests, and pene-
tration was initiated. Penetration was automatically stopped when the
cone reached about 7 om. from the bucket bottom, resulting in a pene-
tration depth of 12-15 cm. A test plot of psnetration depth and tra-
tion pressure was recorded from which the peak value ws read. peak
value was denoted as come index. After the panetration Ceased at the
maximes penetretion depth, pressure readings were recorded for another
minute while stress relaxation occurred near the soil-come interface.
The penetration pressure reading at the end of the one minute wes denot-
ed as the "relaxed pressure”,

Test it

Soil, moisture and compaction combinations utilized fin the study,
along with corresponding bulk density, are listed in Table 1. Attempts
were mede to have three compaction levels and four moisture contents
(5-25%) for each test seil; however, higher motsture contents tly
resulted in ) and umorkedle sofl conditions. These ftions
were res fdle the reduced number of trestmnts with some sofl
types. cept for the Silica Send, the Towest moisture content listed

Tnalco Chamical Co., 6216 W.  660h Place, Chicage, IN1. 60833,

zTnlo nanes ore used in this publication selely te rwia spacific in-
formation. Mention of a ¢ Aane degs net constitute & guerentee of
mtrtb:mmnmvd 8y Mor d00s 1t tuply an enderse-
ment the university over compareble products thet are net named.
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in Table | was the air-dried moisture content.

With a given soil-moisture-compaction level cambination, three
replications with each cone angle were performed for the penetrometer
and impedometer. For the penetrometer, the peak cone index (P) was read
as was the relaxed pressure (PR). Similarly, for the impedometer, the
peak cone index (P ) and relaxed pressure (PR; ) were cbtained. Each
dependant variable was analyzed statistically with s cmqhuly random
factorial (main effects only{ design using the SAS package’.

Visual Observations

Visual observations of sofl displacament for both the impedometer
and penetrometers were made using the following technique. Approximate-
1y 3 om of loose soil was placed in the bucket and leveled, and a layer
of demp tissue paper wmas carefully laid on the 301l layer. The step was
repeated until 10-12 layers of tissue paper ware present in the sof)
sample. The loose soil-tissue papsr sample was then compacted by
applying three blows in the similar memmer discussed earlier. The
impedometer or penetrometer was thea inserted at the center of the sofl
sample. A 60° segment was then removed to observe soil displacement by
noticing the displacement of the tissue paper,

RESULTS AND DISCUSSION
Visual tions of

Shom in Figure 1 i3 the tissue n‘por-displulnat by the pene-
trometer and impedometer for the 155 moisture and 3 blows campaction
condition in the Cect] sandy clay sof). Much sofl displacement near the
path of the cone in the vertical direction is obvious in the case of the
penetrometer, whereas with the fimpedameter, only a slight vertical
displacement in the top layer was noticesble. A careful observation of
sofl displacament indicates that with the impedameter the penetration
pressure was nearly all due to radial sofl displacement wheress, with
the penetrometer, a substantial vertical compoment was present.

Characteristic ti

Two characteristic types of relationships of the pemetration pres-
sure vs depth were observed. In the Lakeland sand, the silica sand, and
Tifton sandy loam and Cecil sandy clay (at the lowest moisture contents),
the penetration pressure increased linearly with pemetration depth.
This trend was consistant for all campaction levels and with all cone
angles. When Tifton sandy Toam and Cecil sandy clays were sufficiently
moist to have compressible tes, the penetration pressure vs.
depth was non-linedr and a coastant pressure before the saxiowum
penetration depth mas reached.

The two different penetration pressure-depth relattonshi be
best explained by considering the compressibility of the soil. ”qu on
an anslysis of various mathamatical relationships presented by Sangerlat
(1979), the linear penetration pressure-depth relationship could be best

13As tastitute, Inc., SAS Circle, Sox 8000, Cary, Morth Carolise 27811.
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described by the Terzaghi penetration theory. In this theory, incom-
pressible soil reaches classical coulamb failure, and the faflure zone
increases with depth of penetration. In the non-linear penetration
pressure-depth relationship, soil aggregates presumably were compressed
to the point of plastic or campression failure. Greacen et al. (1968)
suggest that when aggregate faflure occurrs, the radius of soil distur-
bance by a cone penetrometer is Tess than 10 cone diameters, which was
consistant with our visual observations.

Cone Index and Relaxed Presgsures

Means of maximum cone index and means of relaxed pressures for each
sofl type are presented in Fig. 2 and an overall suswmary 1s listed in
Table 2. Cone index with the impedometer was always lower. Relaxed
pressure was always less than the corresponding cone index. Relaxatfon
was more pronounced with the impedometer, especially in the heavier
textured soils. Coefficients of varfation in cone index were slightly
Targer with the inpedometer compared to the penetrometer and the coeffi-
cients of varfation in relaxed pressure were substantfally larger with
the inpedometer.

Tables 3 and 4 1ist mean cone index and mean relaxed pressure aver-
aged for each moisture content, cone angle, and compaction level within
esch soil type. In general, moisture effects are complex owing to the
fact that motsture can change sofl displacement patterns. The higher
moisture average appeared to coincide with the moisture content offering
the highest real or apparent cohesion value. As cone angle increased
penetration and relaxed penetration pressures genenny decreased (Fig-
ure 3). For Lakeland Sand, Silica Sand and Cecil Sandy Clay, significant
differences were noted, with higher cone angles generally resulting in
Towsr cone indices. In the Tifton Sendy Loam there were no sirlﬂcmt
differences among the cone angles. Effects of compaction level on cone
index and relaxed pressures are shown in Figure 3. Compaction had, by
far, the greatest effect on the respective cone indices. Each compac-
tﬂ:!.l Tevel was statistically significantly different when analysed dy
sail type.

Penetration Pressure Ratios

Ratios involving cone index and relaxed pressure were computed to
aid in further interpretation of the data and are defined as follows:
The cone index ratio (P;/P), penetrometer relaxation ratio (PR/P),

ometer relaxation ratio ('PR,_/P ) and relaxed pressure ratio (PR
/PR). Mumerster and dencminater cone angles were comsistant in all
;-‘;m.‘ Calculations are summerized in Tables 2 and 5 and shown 1n

ure 4,

Index Rat P ¢ This ratio was consistent for the sofil
types gure §). same trend held with respect to compaction level
(compare appropriate lines on Figure 3). The ratio tended to increase
with cone angle (Figure 3). To edequately understand lubrication
effects on come findex requires an {ate mathematical model.
Kostrit (1956) and Greacen et a) (1968) present models which relate
cone index to cone gecmetry verisbles, sofl properties sad soil-metal
friction. These models should provide a suitable bases for additional
investigations.

B A o i R S
for ’ Te and compection level are
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shown {n Figure 4 and Table 2. More relaxation occurred with the inpedo-
meter, especially in the heavier sofls. For both the impedometer and
penetrometer, sofl type, campaction level and moisture had considerable
influence on cone index and relaxed pressures., The degree of relaxation,
indicated by the ratio PR/P in Table 2, is highly dependent on sofl
type, moisture and compaction level. According to Mitchell (1976) the
nagnitude of pressure relaxation depends upon the magnitude of applied
stress (penetration pressure here) immediately before relaxation begins,
sofl plasticity and prior stress history. Aggregate compressibility
also has a bearing. In other words, relaxation depends on a combination
of susceptibility to "work hardening”™ and the amount of work hardening
performed prior to penetration. Low relaxation is indicative of incom-
pressidle aggregates or highly compacted plastic soils. Conversely,
high relaxation denotes low compaction in plastic soils.

Relaxed Pressure Ratio ‘I‘Rl éﬂl): Effect of mofsture content and
cone angle was similar on s 0 as was observed on the PR/P and PR
/P, ratios. However, sofl type effects were less influential on PR; /PR
ratio compared to other ratios. It was noteworthy that, even when
additional campaction (fincreased number of blows) resulted in only a
small change in the measured bulk density, the relaxed /PR ratio in-
creased indicating a sensitivity to loading. This ratfo did exhidit the
highest coefficient of variation of all ratfos evaluated (Table 5).
Pending further evaluation, this ratfo may provide an indication of
effective campaction important for plant growth, tillage and traffic-
ability studies.

CONCLUS 1 ONS
1) Two types of failure are possible:

s) In compressihle soils where aggregates are plastic, the
penetration pressure-depth relation tended towards con-
stant pressure with increasing depth suggesting that sofl
disturbance was occurring within a relatively smaller
zone near the cone.

b) In {incompressidle, non-plastic sofls the penetration
pressure-depth relationship indicated an ‘lncmsing
pressure with depth, ting the possibility of classi-
cal Covlomb-Rankine faflure,

2) Gased on the Timited visual evidence and on the fact that tubrica-
tion always decressed the penetretion relaxation ratfio (PR /PR), 1t
was concluded that lubrication enhances the tikelthood of a consis-
tent radial sofl fatlure arcund the cone, thereby making the soil
reaction less varfeble.

3) ANMelaxation ms least apparent when appregites were incapressible
ond compection wms highest. Conversely, relaxation was most appa-
rent when sefls wre "ulﬁc and campaction ws least. The relax-
ation ratfe, (PR /M) appeers to be wseful 1n predicting the
sensitivity of a sef] mess to futsre Yoading.

It is felt thet & messuremsat system favelving an fmpedomster can

be useful for mere WI 13) sofl 1cal ition.
Methematical models con & 0’: :«“eg y mluwitmt ol bane-
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fits of the soil impedometer. Consideration of soil deformation
theories presented by Kostritsyn (1956) and Greacen et al. (1968)
suggests a cemplex relationship between soil-metal friction and cone in-
dex. Additional testing is planned to consider not only the Kostritsyn
(1956) and Greacen et al. (pma) models but also the Schafer et al.
(1969) similitude-based model. The increased consistency of the soi)
reaction with the inpedameter enhances the potential of improving empiri-
cal and besic relationships for defining soi) conditions, which may be
used for determining trafficadility and for quantifying effects of till-
age operations on soils.
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Table 1.

17,

Test condition of sofls: sofl type, moisture content, campaction leve)
(dlows), and measured dry bulk demsity.

i1 Type ~ Wols ture Blows m ns
°°'('§§"t (9/cm )

Lakeland Sand 6 3 1.58
6 1.62

12 1.68

10 3 1.6

6 ‘ . "

12 1.74

Stlice Sand 4 3 1.22
6 1.27

12 1.35

8 3 1.22

6 1.26
12 1.30

14 3 1.30

6 1.30

12 1.34

24 3 1.39

6 *

12 *

Ceci) Sandy Clay 8 3 1.15
6 1.28
12 1.28
1 3 1.00

6 1.08

12 1.10

15 3 0.90

6 1.10

12 1.30

4] 3 1.29

6 1.38

12 1.60

Tifton Sandy Loam 6 3 1.43
6 1.8

12 1.58
n 3 1.56

] 1.64

12 1.73

15 3 .77

6 1.87

12 L

R poor 30 tions.
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::b A Comsiderstion of Elasto-plastic Model for the Composite Soil

AD-P004 394

MASAMI UEND
Faculty of Agriculture. The Univ.of RYUKYUS,NISHIHARA,OKINAWA,JAPAN

\ ABSTRACT

The s0il of fields should be regarded as a composite material or
composite soil which contains plant's root. By the effect of root.
wechanical properties of the composite 80il are different from those of
usual s0il. Then. it may be necessary to estimate and to recognize
qualitative and quantitative influences of this difference i.e. root's
effect to the trafficability, especially that of lov ground contact
pressure tractor such as the cravlier type. The mechanical properties of
composite s0il vas discussed as a first step to achieve this purpose in
this peper. Some experimental results of paddy field's soil as a kind of
composite soils shoved that the effect of root appeared evidently in the
extension and lov stress deformation processes. Because plastic
deformation also occured remarkably in these stress states. the composite
soil wvas classified mechanically into the elasto-plastic body. Based on
these results. an elasto-plastic model. vhich vas modified one for soil.
vas introduced and examined qualitatively its behaviours. parameters
vere used in this model to account for the charactgkistics of the
plasticity of composite s0il. These parameters trol hardening and
sof tening behaviours. vhich are the function with volusdtric plastic
strain and deviatoric plastic strain. Qualitgtive and ‘quantitative
examinations showed that this wmodel propérly interpreted the
elasto plastic behaviours of composite s0il. An example of concrete
elasto-plastic constitutive equation vas derived from this model. This
constitutive equation gave suitable stress-strain curves.

1. Introduction

The main purpose of this paper is to investigate the mechanical
properties of composite material vith soil and root by the viewpoint of
elasto-plastic theory. Although the composite material is a term in the
field of industrial materials, that means in this paper the soil includes
root. This composite material is nemed the "composite soil’.

Off -road vihicles. especially the agricultural machinery.
ordinarily run on the ground covered vith grass. tree and other plants
such as fields. Since this s0il contains roots of the plant. its
properties are different from the usual soil. In particular the
mechanical properties may be more or less influenced by that of roots.
Therefore. the trafficability or mobility of off-road vihicles is
affected by these roots relating to the mechanical properties indirectly.
As shown in recent Japanese type combine harvester tracked cravier shoes.
the sean ground contact pressure of some vihicles has gradually decressed
to about 2.0 kPa. Under the lov ground comtact pressure the bshaviours of
soil may be strongly influenced by the root's effect.

This effect of root has not been regarded as an importpat factor
not only to the studies of trafficability but also to the sdil ‘mechanics
in the pest these studies. At least there ves no rq:or\ to investgate the
mechanical properties of the composite soil asssociated with root's
offect. Two mein reasons may be thought to this disregard of root's
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effect. The one is that this influence is 50 small to the deformation
beshaviours of soil under vheel or cravler having the high ground contact
pressure relatively. The other is that the soil mechanics has not been
sufficiently developed to account for the deformation bshaviours of soil
included into the composite soil. because s0il has very complex
mechanical properties. While the importance of soil mechanics to solve
the problems related to trafficability has been eagerly insisted, there
is a fev result of successful application against expectation.

One of the roles of soil mechanics to the study on trafficability
is to predict the stress or strain distribution in soil under wvheel and
cravler. It is necessary for this purpose to describe clearly the
deformation behaviours and its resistance of soil. Elasto-plastic
theories for soil have been discussed actively in the last two decades to
represent the wmechanical properties refered to the stress-atrain
relationships vhich is called the ‘constitutive equation’. It can give
mathematical expressions of those stress-strain relationships. Some
trials have been treated for applying these results to the problems of
sinkage and draft of vheel or cravler by the use of the limit amlysis
and the FEM (1. .Karafiath). Consequently. wechanical properties of
composite 30il must be clear based on #0il wmechanics to tale
consideration into the root's effect upon the problems of trafficebility.

Mechanical properties of composite soil perhaps depend on volume
and distribution of roots. strength of each root and vater contents. But.
sechanical properties of component soil. vhich is called "matrix soil” in
this peper. are most primary factor to those of composite s0il. Thus.
there are so many factors to influence the mechanical properties of
composite s0il that the constitutive equation may be wvery oomplex. In
addition. these factors related to root vary remarkably by the kind of
plants. climate etc. So. it mey be impossible to take the complete
constitutive equation for applying all kinds of composite soil.
Therefore. it is rational to discuss the constitutive equation with
restriction of application range to the each kind of composite soil.

In this paper. the characteristics of mechanical properties of
composite 80i]l vere arranged theoretically based on the some experimental
results Z2.Usno). As a first step. an elasto-plastic model vas assumed and
examined its behaviours. Then. an exasmple of elasto-plastic constitutive
equation wves derived by this model, and some stress-strain curves vere
calculated to examine this model and equation.

2. An owtline of the mechanical propertics of composite soil

The mechanical properties of the composite 20il called °‘Nee Mat®
in Jepanese as an exssple vhich ves the peddy field's s0il comtained
roots of rice seedling. vere examined experimentally(@. Usno). Root of
rice seedling is asmall. weak and flexible to the outer force. and
constructs the netvork structure of roots such as fiber reinforced
saterial. Accordingly. the sschanical properties of this composite soil
sainly depends on that of matrix soil. but there are some different
characteristics compared vith usual soil.

Thase characteristics vere susmarised es follows on the viewpoints
of elasto-plastic theory.

{a) The tendency of shearing and ococspression cherscteristics . i.e.
dilatancy. strain herdening beheviours aad shear strength etc.. is
aser to those of loose packed soil.

(b) Unneglisible extension resistence ocouwrs. vhich is not obeerved in
sost kinds of soil vithout clay.

(¢) The wmechemica] properties of composite s0il is affected by thet of
soil. weight or volume of roots, strength of each root and weter
ocontent .

i v i, e e -
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(d) Matrix soil and root shov the different responces each other to the
mode of applying force. For examples root plays an important role on
extension process and soil does on compression process.

(¢) The strain is consisted of elastic. plastic and viscostic component.
The plastic component is remerkable not only in the finite strain but
in the infinitesimal strain.

(f) Stress-strain curves in extension and compression processes represent
by the pover fumction.

o=z ac” 2.1)
the value of exponent is about 0.5 in extemsion and about 1.0 inm
compression. vithin the absolute value of strain 0.3 as shown in Fig.1.

In eq. 2.1), ¢ is stress, ¢ ia strain. a and n are msterial constants.

In cyelic compression

extension loading process.

~ hysteresis loop appesrs
0\ clearly in the

a4 N stress-strain  curve(see

/ / Y F“Z)

L7/ \ (g) Shear strength is

; AN approximated by

Coulomb-Molw 's equation in

negative normal stress

7] 005 01015 region.

o strain Teking into consideration

compression "[ ) vith these

,,) characteristics. an

sechanical sodel vas

examined to represent the
extension and compression
,;' bshaviours as shown in

L ) Fig.3. This wmodel is

R4 ° consisted of spring.

K7 -~ dashpot and slider to

g account for the

Fig.]l Stresa-strain curves of s composite elasticity. viscocity and
soil plasticity respectively.
This model] has three

elemants A, Band C. The

[- elments A and B are

D composed of the standerd

! linear solid aend slider.

N the each component hes

c differemt properties. The
fook element Cisee Fig.3)

4 distingishes betveen

extension state and
loading compression state, namely

L in :uuxonlcuu r:reo F

acts ypon eclesent A. on
relosd the other bhend in

7~ VY Y/ wlosding compression state force F

o -0.0% 9.1 octs upon element B apert

‘ ’ from A Thus, the
compressive strals difference of

Fig.2 Stress-streia curve ia eyslic m‘:"“:o mi:

coupression test qualitatively by this
wodel .

stxeas(kPa)

-1.0

-1.0

compreseive otrees(kPa)
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Although this model can be
used to estimate the one
dimensional deformation
bshaviours of composite
soil, it can't be applied
to general three
dimengional deformation
problems. So, it is
important to do
investigate the ganeral
sechanical sodel for
epplying to the
trafficebility problems.
Standard linear solid+ Slider Because plastic
I S deformation is more
remarkable thea elastic
stress deformation.  mwechanical

um sodels of oomposite soil

"' bave to be regarded as
B elasto-plastic sodels.

Viscosity i.e. the time

Tlemenc A |

rose

[
.

v/

.
[ P PP

P
L
L]
1
[
.

dependency of the

deforsation behaviouwrs or
stress-strain

ltrul-ltr.h relationships is

in nev wmodel.

() Extens » c""""""‘ m%mi- model can

rig.3 A -chntul model of a composite be applied to the

soil end its behaviours quasi-static deformation

problems .

3. A Plastic Model

Vhile composite s0il has some different properties compared vwith
usual s0i]l in the extension and lov stress region. elasto-plastic
deformation bebaviours are generally similar to that of s0ils. So. most
part of deformetion behaviours of the composite #0il can be expected to
pepressnt by the modified elasto-—plastic model or constitutive equation
for s0il. In this section. plastic deformation behaviours are specified
by the use of & plastic model.

Based on the asbove-sentionsd experimental outline. following
besical esmumptions were employed to explain the plastic bshaviours of
the composite soil.

(a) Yield oomditiom or yield surface exists. This is a functiom vith
stress o,;, and plastic strain c{; as follows.

’(’“v"‘Mo (a-')
or seperstive form
’(‘ﬂ )"'(d‘ 1=0, 3.2)

mruuummuuur is a hardeming function which
controls the hardeni behaviows.
®) mmw,uam.«ummmlmubmtd
soi]l vhich is smooth. outer comvex aegaimet to the Coulomb-tobr's
surface and closed surface {.e. envelope surface.
(c) The sise of initial yield swface ununymu initial
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void ratio of composite #0il. volume of roots and strength of esch
root. In this case the influsnce of water content don't take into
consideration. 80 stress means the effective stress.

(d) Hardeming and/or softening behaviours occur vith proceeding of
plastic deformation. and succeeding yield surfaces are affected not
only the plastic volumetric strain ¢ but also the second order
invariant of deviatoric plastic strain .

(e) Plastic strain increment dt?, occurs fovard to the direction of
outer morsal unit on the current yield surfece. This is gemerally
called the "associated flov rule’ or the “normelity condition®, vhich
is represented as follows (3. Drucker).

de?,C §OJ; 3.3)

vhere G is a non-negative coefficient vhich gives the megnitude of
plastic strain increment.

(f) Plastic deformation occurs both of the yield stress state and
subyield stress state that stress does not reach to the current yield
surface(4. Hashiguchi). In the subyield stress state, plastic
deformation behaviours are provided by plastic potential ¢ in similar
to the yield surface. In this case the plastic strain increment is
taken by the equation that f exchange to ¢ in eq. (3.3).

These basical assumptions are usually applied to the granular
material like as soils vithout (¢) and (d). Aasumptions (c) and (d) were
introduced to account for the influence of root to the characteristics of
plastic deformation behaviours of composite soil .

Based on these assumptions. a concrete plastic model wvas assumed
;nd the plastic deformation behaviours wvere analyzed qualitatively as
ollovs.

(1) Initial yield surface
Initial yield surfaces
for matrix soil and composite
soil in the (p.r) plane. vhere
yield surface p is pressure and r is
!y composite second-order invariant of
soil stress deviator, are
respectively as showmn in
Fig.4. Both surfeces and

3 .Y ﬁ etress ::?Ill ::WJ:(: at ::n; poin:;:
Fig.4 Inttisl yield surfeces of respectively. These surfaces
composite soil snd component soil coincide at the point p (<0).

{n (p.r) plane If root is relatively strong

this surface for composite
soil is larger than that for
matrix soil.
On the other hand, both surfaces apert from each other vith increase of
the value of p. It seans that the composite soil yields higher stress
then s0il in the hatching zone in Fig.4. Accordingly the strength of
composite s0il is larger them that of soil within this zone. Value of p.
is mainly influenced by the woid ratio of composite so0il, and the
sechaniocal conditions of root affect to the value of p,. If the volume of
roots increases and each root becomss strengthen., welue of p, becomes
largs. Comsequently composite soil is reinforced by the root such as
fiber reinforced solids in the extension and lov stress state.
@) Yield condition

Yield condition is described by the function f in eq.(3.2).

AR AR A e itrait A

T LR o)
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In many plasticity theories., it is ordinarily assumed that plastic
atrain increment decf; occurs vhen stress reaches to the yield surface(S.
Schofield). In this peper. it is insisted that dcf; occurs although
stress stays vithin the yield surface(d. Hashiguchi). The plastic
potential ¢. vhich is a function vith current stress. rules plastic
deformation vithin subyield stress state.

o</ 3.4)

o= 3.5)
Eq.(3.4) gives subyield stress state, and oq. (3.5) gives yield stress
state. Normality condition also exsists in the subyield stress state as
same as the yield stress state.

{3) Plastic strain increment

Plastic strain increment dcf, is given by folloving equation

derived by the basical assumption (e) and (f),

det,H /1" -g"-,% do @3.8)
o/f <\ 3.7
o/f =l @3.8)

Eq. (3.7) means subyield stress state and eq.(3.8) means yield stress
state. Hdp in eq.(3.6) is non-negative coefficient which corresponds to
the coefficient G in eq. (3.3). (¢/f)" controls the magnitude of plastic
strain increment def; at the subyield stress state. There is no distinct
point to devide subyield and yield stress state. so this transition
process is shown swmooth. When stress reaches to the yield surface. f=¢p
satisfies in the loeding process. and. plastic strain increment in
ogq. (3.6) equals to that in eq. (3.3).

4) Hardening. softening and dilatancy behaviours

As discussed by Schofield. Roscoe and Wroth 5.6.7.8: .the
hardening behaviours of soil are primarily determined by the plastic
volumetric strain ¢{. Nemely. hardening and softening behaviours are
sssociated to the plastic volume change. swelling and shrinking.
Especially, the wvolume change under shear vhich is called the dilatancy
is an important characteristic of deformation of granular materials.
Experimental results shoved that the composite a0il deformed vith
hardening. softening and dilatancy behaviours ssme as goil.

Second-order invariant of plastic deviatoric strain ¢? is an
important measure of those phenomena of composite soil as seme as plastic
volumetric strain ¢f. When the vslue of ¢! or plastic shearing
displacement increases. roots contained the composite soil are gradually
cut and became wesken. ¢ reaches to the critical value ¢f, . vhick is a
function with the strength of each root and its distribution. them roots
are completely cut. s0 the resistance of shearing deformation decreases
rapidly to that of matrix soil. If once are cut. roots don't contribute
to the succeeding deformation. This process is equivalent to softening
behaviours vithout the influence of ¢t .

Further. positive volumetric plastic strain cf or swelling conses
the softeaing or weakening of composite soil. If ¢f exceeds the critiocal
valus ¢f,. vhich is a function of the strength of each root amd its
distribution. roots don't affect the succeeding deformstion as seme es
. Negative volumetric plsstic strain cf. on the other hand. couses
hardening. because the void ratio becomes small vithout cuttiag of roots.

Plestic deformstion bshaviours and stress-strain relatiomships in
the simsple deformation process such as extamsion and ocmpression vere
discussed as follows besed on ahove-memtioned plastic wmodel. Yield
mr:o. are denoted by circles for sisplicity in this qualitative
simulation,
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(A) Simple extension process
The effective
stress path of
Behaviours of surfaces Stress-strain curve gimple extension
process dravs a line
T tress AB in the
(p.r)plane as shown
in Fig.5. Initial
yield surface and
initial plastic
’ potential are
denoted by fo and ¢o
scrain respectively. After
(A) Extension process stress reaches to ®0
plastic strain

T stress immt M,
occurs along the
direction to outer
unit normal from the
current plastic
potentiale. det,

Cb A %0 P 0 consists of the

scrain positive volumetric
(3) Compression process devmiatoru:c M
de? . So. the
composite soil is
softened vith the
#-f proceeding of
\ deformation. and the
/ \ magnitude of def,
becomes gradually
tn £ £ B 0 . £ | 4 0  strain large. The size of
plastic potential ¢
(C) Triaxial compressiom process increases

isotropically. and
Fig.S Hardening and softening behaviours of that of yield
ice soil surface becomes

composite ¢ gradually small.

These changes turn remarkable with the elongation. and stress-strain
curves drav the shape looks like a mountain (see Fig.5..
The tangential gradient of stress-strain curve decresses vith increasing
of strain. After the peak of this curve appears at o, . the value of
stress decreases gredually. Then. yield surfece f coincides vith plastic
potential ¢. nemely yield condition. and both are shirinking rapidly as
show in Fig.S.
(B) Simple compression process

In compression deformation process stress increases from the
origin of (p.r)plane and draws a path OCD as shown in Fig.5. Plastic
strain increment def; has negative or positive volumetric component del
and deviatoric component de?. 1If negative decf occurs. the hardening
behaviours appear in this process. Therefore. the plastic potential ¢
incresses vwith the procesding of deforsation and the yield surface f
becomes large. The incressing rate of plastic potential becomes larger
then that of yield surface gradmally. Then. the volusetric component of
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def, decreases gradually in this process and ultimately reaches to the
condition de?,-0 vhich is called “critical void state’. The deviatoric
component de? increases vith the softening behaviours. Until €} becomes
fairly large. the softening behaviours associated to dec? is not evidence
due to the hardening behaviours by ¢ . If stress reaches to the critical
void state, that is equivalent to the failure condition. yield surface
decreases gradually.

On the other hand. if positive £f occurs the softening behaviours
appear from the beginning of this proceas. Because. softening is happened
by 7. the resultant softening becomes remarkable.

(C) Triaxial compression process

The deformation behaviours in this process are basically similar
to those of compression process, although deformation begins arbitrary
initial value of p.

4. Klasto-plastic constitutive equatios

1) Plastic constitutive equation

In this section. an example of the plastic potential or vyield
surface of composite s30il wvas firstly assumed to deduce a concrete
plastic comstitutive equation. Since Schofield and Wroth(8) had
established the ‘critical soil mechanics’. some types of yield surface
have been proposed in the field of 20il mechanics. An elipse surface
proposed by Burland:9 vas chosen as an yield surface of composite s0il
in this paper.

] 3 1 r
2 2 = (4.
I P"“*F( 4.1)

Because the composite so0il exhibits resistance of deformation
against to the extension. the form of this function is slightly modified
as follows.

2 2 2 1 . _r 2 :
2 ¢2 = P-po ~ 11 Ly 4.
IfF=¢ = P-p ‘*?‘p—m} 2
vhere. p is pressure. r is second-order invariant of deviatoric stress
0,z 0,,-pé,;) » M is value of (-r/p) at the critical void state. py
represents the coordinate of p-axis at the center of elipse. The notation
of stress and strain are as follows.
P = 0,6,/3
r =t0,,0,°%
Cf = d;6oi
e = (e~ rieh,-ef) P8

The sizse of yield surface f equals to the value of dening
function F. The folloving equation vas adopted as an example of F.

F=F +p @.3)
Fe = Fo exp(-€f/0a) 4.4
e
Pep,(-+p _ay 4.5
L 3 “.

F, is a hardening tton proposed by Hashiguchi(4) for soil. that
derived from the lnip| - ¢/ linser relationships. In eq.(3.4). Fy is an
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initial value of F,. a is a gradient of the Inlpl - ¢ linear
reletionships. Function P is introduced to account for the effect of
roots to the herdening and softening behaviours of composite soil. P, is
an initial value of P. The second term of right hand in eq.(3.5)
represents the effect of ¢?. and third term of that does the effect of
. m and | in oq.(4.5) are material constants respectively. The
denotation « and A in eq. (3.5) control the bshaviours of yield surface
related to hardening and softening. They have folloving values to
simulate the deformation of composite soil.

¢ =1 (e €f,) (4.6a)
¢« =0 (eedy) (4.6b)
A =1 (O<efsely) 4.7a)
A =0 (c£20.¢0>¢f,) 4.M)
critical state If ¢ reaches to ¢f,. the
line influence of ¢ to the function

P vanishes. Also the influsnce
of ef to the function P is as
seme as the case of ¢f. In
addition, if ¢50 . the function
P don‘'t affect the hardening
¥ 'S p function F. Therefore. the role
of + and A is important om the
hardening function F.

Fig.6 shovs the above mentioned
yield surface in (p.r) plane.
Applying @.3.2) - @95 tw
Fig.6 An exsmple of plastic potential eq. (2.8). plastic strain

and yield surface of composite increment is given as follows.

soil in (p,r) plane

. (p F 1 dp d¢
ot (OF/9¢8 ) 3¢, Ap )+ (OF/3€8)(d¢/0r ;30,001 dox 14.8)
or
f} iﬁr). QL _O_Q
! i (OF/3¢8) (30 /9p)+ (F/d¢t ) (39/3r) 00, ‘%ﬁ“’ +5y A 4.9
vhere.
9¢ 1,.r os __r '
" "erw ey (4.10)
L1
%¥ e ¥ 4.11)
2F = I R | S
aed ar' t:.(l—kf/c:,)P 4.12)
ﬂ 2 - —__-.1!_.—P
ae? e, (1-oel/el,) (4.19)

Vhen the composite soil yields. ¢ is replaced by f in these equations.
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These eoquations are so complex that the application to the
practical problems is difficult vithout computer aided calculations. But,
these equations are deduced to simple form relatively on the specific
deformation processes such as extension, compression etc as follows.

(a) Swelling and shrinking process:

_(pF)"
det ~3F 3t ) 99/ 9p) Eﬂ’z *® 4.14)
(b) Axisymmetrical compression and extension process:

det 9(F/9cl)(dp/ap)+ (OF/9€8)(p/9T) (ap +$)(ap +

#8352 o, 4.15)
(p/F)°
&t 3(aF/3¢et)(d9/3p)+ (aF/at’)(Ow/Gr) ‘n#)%!“ (4.18)

vhere dcf is axial plastic strain increment and do, is axial stress
incremsnt .

2) Elastic constitutive equation

Ina so0il wmechanics. the plastic deformation behaviours and
canst ;tutlive eoquation have besn investigated eagerly wmore than the
elariicity. Therefore. the appropriate elastic constitutive equations
ave aot bosn eatablished. Hooke's low, wvhich is a linear elastic
comstitutive egmtion. is used for convenience to the numerical method
amalysis such as FEM.

Sress-strain curves vith elastic deformation of s0il shov
remariable nonlinserity met only volumetric deformation but shearing
daferastion. This nonlineerity also sppears to that of the composite soil
as asme as soil. So. folloving equation was chosen as as elastic
constitutive eguation for the composite s0il. vhich hed been proposed by
Haahiguchi (4) as an example of elastic one for soil.

‘t'n = Wu +m,ﬂ-|d,;' , “4.17)

vhere. p,. 8 . a and N are ‘material comstants”, §;,, is Kronecker's
delta. o,, is deviatoric stress. The first term of the right side of this
equation represents the elastic wvolumetric deformation and the second
tera of that doss the shearing deformation. It is the shortcoming of this
egumtion that can't to describe the difference of elastic bsheviours
betvesn extension and compression.

3) Rlasto-plastic constitutive equation
Strain ¢,; (or strain increment de;; ) is usually assumed as the sum
of elastic strain cf, (or dc!; ) and plastic strain ¢f; (or def; )

€y =l + e 4.18a)
‘t” - ‘t" + ﬁ’ (4.168d)
Plastic strain increment in eq.(4.6) end elastic strain increment in
oq. (4.17) apply to those of in eq. (4.18d) to derive en olutp-plnuc

oconstitutive equatioa of composite sofl.
Then, the folloving elasto-plastic constitutive equation ves given.

N o

et e
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. _(p/F) d¢ Jd¢ 4.19)
deyye (B OF/0c8)(3g/ap)+ (3F/9ct)(d9/ar) 00, doks K

where £, is an elastic constitutive tensor given by eq. (4.17). Usually.
the setrix expression of this equation is used to the investigation of
the general stress-strain relstionships and the nuserical analyses of
three dimensional deformation problems.

4) Examplea of stress-strain curve calculated by this equation

Flasto-plastic constitutive equation for simple loading processes.
extension and compression, wvas taken by above discussions. Examples of
stress-strain curve in compression process were calculated from these
eguations (eq. (4.15),. (4.16)). The calculation of these curves vere used to
the mmerical integration. The procedure vas as follovs. Stress increment
vas calculated by the given plastic strain increment. Them. elastic
strain increment and strain increment vere estimated by this stress
increment. These process vere repeated since to take the certain value of
atress or strain.

As given in Fig.7 the stress-strain curves varied those forms by
the wvalues of “material constants’. Those material constants vere shown
in Table 1. These curves could be approximated by the power function.
vhich vas similar to the experimental results as shovn in eq. @2.1).

Table-1|. material constants used to the calculation
Fo
n
8
e

17

0.
1

o1.
0

co000=~0
-~on~goh
]
[~]

¢ 5. Concluding remarks
After the qualitative
simulation wvas treated, an
elasto-plastic model for the
composite 90il vas introduced and
exsmined its behaviours as a
first step to estimate the
influence of root's effect on the
trafficability of 1lov ground
contact preasure vihicles. An
exsmple of the constitutive
equation derived by this
3 elasto-plastic model. WVhile the
composite 20i]l has vide range of
., sechanical properties, the
0.5 elasto-plastic wmodels have to be
I -1.0 -1.3 discussed case by case. Further
strain (x10%) the efforts may be necessary that

-1.%

stress (kPa)
-1.0

-0.3

Tig.7 Exsmples of stress-strain curve to make clear the relationships

by ths elasto-plastic constitutive of“ G;{'l“ .oﬁl p:u t::

equation trafficability.

[
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SOIL BIN FACILIMES: CHARACTERISTICS AND UTILIZATION

R. D. Wismer
Deere & Company Technical Center
Moline, Ninois
USA

ABSTRACT

\

The resuits of a survey of soil bin facilities worldwide are summarized. Char-
acteristics and capabilities of the soil bin facilities are cited as well as types of
soil-machine tests performed. Research emphasis of the laboratories is dis-
cussed. This psper should serve as a valuable reference to soil dynamics spe-
cialists by providing a list of soil bin facilities worldwide. their locations, principal
investigator, and plans for future research activities.

INTRODUCTION

The development of science and its application—engineering—is very much
dependent upon the availability and capability of physical experimental facilities.
Without carefully controlied observations of important phenomens, theories
cannot be evaluated, modified and evolved. Thus, one measure of an engineering
science, such as terrain-vehicle mechanics, is the number and capability of ex-
perimental facilities in use. These facilities include both laboratory instaliations
and field test equipment. Laboratory facilities that support soil machine inter-
action studies—soil bins—were the subject of an international survey conducted
in the summer of 1983. Researchers worldwide were contacted to determine
the number and capability of soil bin facilities around the worid. The results of
this survey are summarized in this paper.

LOCATION. STAFF AND GENERAL CHARACTERISTICS

A total of 36 soil bin instaliations have been located in 12 countries possessing a
total of 90 soi! bins of varying geometry and sophistication (Table 1). Two-thirds
of the s0il bin facilities are located in universities with the remainder in technical
institutes except for three soil bin instaliations that are operated by commercial
firms. All the commercial soil bins are located in North America. Approximately
80 percent of all the s0il bins are “indoor” but only about one-third of these have
air tempersture or humidity control.

A totsl of 185 engineers and 96 technicians operate the soil bin facilities reported.
As shown in Table 1, the distribution of the number of engineers and technicians
among 80il bin instaliations vary widely with one or two per instaliation being
most common. On the sverage, the facilities have one technician for every two
engineers. Complete addresses of the s0il bin instalistions and the names of the
princips! investigators are presented in the Appendix.

SOIL BIN GENERAL CHARACTERISTICS

The geometry of s0il bins reported is presented in Teble 2. Although considerable
varisbility is apparent among the soil bin dimensions, some dimensional sizes
predominate. Considering only the principa! soil bin of each installation a mean

e =

> e s
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length of 22 meters, width of 2 meters, and depth of approximately 0.8 meters
results. The median values for these principal dimensions are 20 meters, 1.6
meters and 0.6 meters, respectively. There is a high incidence of the larger soil
bins, that is length greater than 20 meters, being of an outdoor typse.

Test speeds aiso vary over a broad range with a mean maximum speed of 2.5
meters per second. Minimum speeds are predominantly in the 0 to 0.1 of a meter
per second range. A maximum-to-minimum speed ratio of 25 or greater pre-
dominates. The median values for maximum test forces are approximately 10 kN
tor vertical and fore-and-aft forces and less than 5 kN for lateral force.

Functional test capabilitias of the soil bin facilities are siso presented in Table 2.
Tillage is the most common functional test capability with more than two-thirds
of all laboratories possessing this capsbility. Wheel traction is the next most
common test capability. It is quite apparent that many lsboratories are solely
dedicated to either tillage or traction testing. Only six laboratories possess the
capability of testing sarthmoving devices.

TEST SOiLS

Characteristics of the soils used in the soil bins are given in Table 3. A broad
variety of soils sre reported, ranging from heavy clays to sands, with loams the
most common soil type. Moisture, density, cohesion, angle of internal friction
and cone index value ranges for the test soils are presented in Table 3. Strength
values appeer to be quite representative of field conditions with the exception of
very high strength soils. Artificial soils are used by six laboratories with an oil-
sand-clay mixture being the dominant combination.

Procedures and equipment for processing the soil bin soils are given in Table 4.
Tilling folowed by leveling and compecting is the most common reprocessing
procedure. The rotary tiller, leveling biade and smooth wheel roller are the most
commonly used equipment. As with the 80il type. a great diversity of procedures
and equipment are used in the laboratories.

mmmwmm.mmammwh.mMimmw
correlating machine performance and for controlling the preperation of test
sections. The soil test equipment is listed in the following table by rank order of
use:

NUMBER OF
RANK __ SOIL TEST LABORATORIES

QOB IORIWN =
N
~N

-l
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v TABLE 4. SOIL PROCESSING PROCEDURE AND EQUIPMENT
1 “STALLATION PROCE DURE PROCESSING NT
srLGUM
§ Univ Cath Louvesn - -
CANADA
MGt Uney {pneumatic comp) {pneumetic comp)
U Saskaschewsn THA—SUB COMP—LEV—SUR COMP  RT—SHP FT ROL—SPKE AOL—SM ROL
Noble C s Co CUL —MAR—LBV —PACK —WAT SWP_—SPIKE HAR—SM AOL~SPRY
DENMARK :
Roysl Ver & Ag Unw TR —LEV—COMP RT—GRD BLO— VI8 ;
1
FEDERAL AEPUBLIC OF GERMANY $
Tech Uniw of Mumch (LOAM-TILL—COMP.TIL—COMP  AC—LD PKR—SWP—VI8 TAMP_ROL 4
THL —COMP O8C RC—SUB COMP—SM ROL f
(OL-SAND)-COMP MAND TAMPER—SM AOL i
Unw of Germen Foross —_ — z
£oiah Techregue O Argeny (CLAY- TILLWAT—LEV AP—-TRK COMP
(BANDY—TILL—LEV AP-—LEV BLD ’
JAPAN
Holdgide Une TRL—~LEV-SUS COMP—SUR COMP AT—LEV BLD—8M ROL—LEV BLD
Kywshw Uney TRA—LEVEL~-COMP—LEVEL VER AT—LEV BLD—-SUS PACK~VIB ROL
My Univ TL—SPRY —TIL —LEV—COMP AT—-SPRY—AT—LEV D
THE NETHERLANDS
MAG TRA~—LEV—-COMP RT—GRD BLD—8M RO
Tesh Univ. of Eindheven TRL—TRL—COMP--LEV AT —-SM AOL—LEV BLD
rOLAND
nge. for Bidy. Moeuh & Fieet. THAL—LEV—ROL—WAT RT-—-GRD SLD-—8M ROL-—-SPRY
Wartow Agrioutturel Uniy TRA-—LEV--COMP RT—LEV BLD-—-SM NOL.
Warsow Teshnion! Ui TRL—LEV—COMP -
PEOPLE'S AEMUBLIC OF OV INA
Ciwnses Acad. of Ag. Mash'y Sc: TRL—LEV-COMP—WAT AT—GRD $LO--VID ROL~SPRY
Jiin Univ. of Teohnelegy WAT--TIL—AEV-COMP—LEV  SPRY—AT—GAD M.O—VI8 AOL~—LEV BLD
Tracter Ressereh ing. of Chwne TRL—LEV--COMP RY—GRD BLD-—-8M ADL
Asion irmn. of fw TRL—~COMP—WAT NP -AC—8M AOL
UNITED KINGDOM
Cranfinlg inst. of Toshnelegy REM SONL—ASCONP LAYSRS SUCKET—BLADE
Notionsl Ing. of Ag. Engingering NT—8M AOL~VIB ROT CUT BLD
Univ. of Noweastis Upsn Tyne TUL~COMP-—LEV VIB—A.T VIB—0GRD LD
Royel Minary Cofiage of Seince AAKE—LEVEL—-COMP M
la.uh..c“‘m ThL-—COMP VIB HAR—VAS SM ROL—8M AOL
Tranmport & Resd Lab TILL —WAT—-MX—C0OMP RT—SPRY—AT—8M AOL
UNITED STATES
Coaspitior Traceer Co TL--COMP AT--SM AOL
Osgre & Congpany L —L8V-COMP AT—LEV BLD—8M AOL
Univ. of Minais TUL—LRV-—-COMP RT—LEV LD—-90 ROL.
fows Seate Universny TRA~LEV—-COMP AV—LBVY 0L
Kaness Stete University ~—LEV—-COMP AT—LEV BLD—OM AOL--VIB BLD
WIM L) ~AEPLL W —BUCKET ~SPRAY 90 ROL
AL, WAT—TILL—LEV—-COMP SPRY—AT—LEY SLO—8M AOL -V AOL
North Conphing Siste Uniw - -

|
f
|

; The laboratories were alen surveyed concerning the primary soil meassurement }
i for comtrol of test section preparation. The responses to this question indicated

three principel tests are used: cone penetrometer; moisture; and density; with
some laborstories using the trisxial shear and Bevamaeter.

? TILAGE TEST FACILITIES

The tillage test capability of the reported soi bin facilities is presented in Table 5.
Twenty-six laboratories reported a tillage test capability and 21 of these can test
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TABLE 8. TILLAGE — MAXIMUM TEST CAPABILITIES
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passive tools, 12 powered tools, and 9 both passive and powered tools. The
mean of the maximum width test capability for passive tillage tools was 80 cm
with a median of 50 cm, while the mean maximum depth was 41 cm with a
median of 30 cm. The typical maximum draft force capability for passive tools
was 10 kN. The powered tillage tool test capabilities were predominantly hori-
zontsl shaft test facilities with six vertical shaft test facilities. The maximum
torque test capability was nominaily 3560 Nm at speeds between 300 and 1000
rpm. Diameter, width and depth of powered tillage test facilities are also pre-
sented in Table 5.

TRACTION TEST FACILITIES

Twenty soil bins reported wheel traction test capabilities, six track and five lab-
oritories had both wheel and track facilities. The maximum whee! and track test
dimensions and forces are presented in Tabie 6 for the laboratories reporting.
The wheel test facilities had 8 mean maximum diameter of 101 cm with a me-
dian of 80. A corresponding mean maximum wheel width was 38 cm with a
median of 30. Maximum vestical load capability for wheel tests varied from 0.3
kN to in excess of 50 kN with similar values for maximum draft. The more limited
track tes: facilities can test tracks of 8 nominal length of 150 cm and width of
30 cm. Vertical and draft loads for track tests varied over essertially the same
range as for wheel tests. Essentially all the whee! and track test facilities could
te=t both powered and unpowered elements. Approximatety one-haif of the facil-
ities could conduct program-slip and program-load tests as well as constant
varisble tests. Program-draft capability was more limited with only eight wheel
facilities and one track facility possessing this capebility.

EARTHMOVING TEST FACILIMES

Earthmoving test facilities were the most limited functional test capability re-
ported by the soil bin Isboratories. Only six facilities possessed the capability to
test one or more earthmoving devices. A summary of the maximum test capa-
bilities of these laboratories is presented in Table 7. The maximum test dimension
of these facilities was limited to spproximately 100 cm with bucket velumes of
about 0.1 of a cubic meter. The range of scale ratios used for model testing of
esrthmoving devices range from 1:5 to 1:20 with 1:6 being the most common.

RESEARCH TRENDS

Utitization of the soil bin facilities is impressive. A combination of research,
design and teaching predominate in the utilization of the reported facilities. Only
two of the 36 soil bin facilities are described as “inactive” by their principal in-
vestigator. The major emphasis of eil the laboratories was on the conduct of
soil-machine ressarch thet directly impacts the design of machines. The educa-
tionsl vailue of the iaboretories appeers 10 be concentrated in the training of
graduste students within the overail research effort. Only one lsboratory reported
8 “teaching only” function, and only thiee labor etories reported an “approval or
oﬂwm"d menulectured products function. The heavy emphasis of the

on design spplicetion is encouraging considering the short term, but
mmmmm

The renge of resserch subjects addressed by the laborstories is impressive. The
traditionsl subjects of wheel and track traction efficiency, tillage tool shape and
force relstions, osciliating and powered tool performance, and soil-machine
modeling were all cited for past and future research efforts. Some more unusual
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reseerch subjects reported are: rimiess wheel; boat-type tillege machine; soil
reinforcement; and soil anchors. Soil models for soil-machine systems were aiso
the subject of reseerch efforts including critical state soil mechanics principles,
cycloidic properties of soils and two- and three-dimensional finite element
models. Many studies of seed planter, grain drill, and fertilizer applicator perfor-
mance and optimization were reported.

emphasis was found in many of the research efforts reported. European
and Asian lsboratories concentrated on rotary and oscillitory tillage studies. Asian
laboratories also emphasize studies of rice paddy tillage and traction. North

:ﬂm«ican lsboratories reported numerous studies of soil compaction causes and
ects.

The single most common factor present in all the s0il bin laboratories was—
enthusiasm. Thomaothhsummmmmdind&cnodpfidomddo-
termination among the practitioners of a very special engineering science—
terrain-vehicle mechanics. This is undoubtedly our greatest strength and bodes
well for the beneficial future use of the s0il bin facilities reported in this paper.
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g PROPERTIES OF DESERT SILTY SOIL IN RELATION TO VENICLE MOBILITY

ABDEL-FATTAH A, YOUSSEF
ASSOCIATE PROFESSOR OF CIVIL ENG, KING SAUD UNIV, RIYADH, SAUDI ARABIA

Summary - Deasert solls covering wadls (vallieys) as well as smell hills
in the wedlis are formed from siity-send soils. A significent part of
these solls are wind blown sediments and mey be classified as loess. In
this study, It was found that the soll in the wedls contalins verying
smounts of clay, gypsum and salty materlals which sct as » binder between
the soll particles. In their dry state, these solls are brittle, porous
snd sensitive to molsture and deformetion. Laboratory examination of
thess solls showed that they lost most of thelr bearing resistance and
shear strength upon wetting or deformation. The reduction in beering
resistance and shear strength for these soils wes Investigated using the
plate loading test, the cone penetration test and the direct sheer test.
The decresses for bearing resistance and shear strength were found to
vary significantly and at times resched close to 90 percent of the values
found in thelr dry and undisturbed stete. In addition the corresponding
reduction In trafficability parameters were anslyzed based on the reduc-
tion of sol! strength due to nttlm.&

ANTROBUCTI0M

Mobitity design and trafficabllity prediction require complete Informe-

tion concerning vehicle supporting elements, supporting soll properties ;
and other terrain characteristics. In their analysis mobllity englineers !
usually depend upon the results obtained from quick and simple fleld
tests. These simple fleld tests can be performed using plats, cone and
vane-cons devices [1, 2 & 3]. The data obtalned from these tests are
useful to represent the sol} trafficabllity resistence for s short period
of time only, where the soll condition s not affected with weter or
externe) losds, and where the vehicle speed is relatively low.

AD-P004 396

The sol) s a three phases material and Is uswelly classified by diffe-
rent categories depending upen grain size and meterial constituents, soll
strength paramsters and sol! behaviour. These solt properties and pera-
meters posses different degrees of sensitivity to chenges In both soll-
molisture content and app! lcation of traffic load which simultaneously
compresses svd shear the sol). Such sensitivities should be Included in
sny ratione) enelysis.

Relstion betwaen factors affecting soll shesr peramsters, soll properties

and wehicle carrying etements is thus ssssntla! and should be developed.

Part of this relation miy be acetmplished threugh identifying the actus!

::'mlur ond soll strength sensitivity to the region weteorologicel
t .

The Niddle Kot dasert ares Is In general cherecterizad by high tempers-
tures, extremsly varighle midities, high oveperetion rete ond low
onmun? presipitation [A). 1n sueh o latge eres and veridile conditions
ond dwe to the oantinuews eulnﬂ foctors suth a8 wind eresion snd
hmidity veristion It fo ¢ 5 synthesise grownd cenditions for

e
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mobility enginsering purposes. The desert's gensral topogrephy is domi-
neted with terrain characteristics similar to those |1lustrated in
Figure |, MHowever In saveral Middie East desert locations certain uni-
fication of conditions may be imposed by the overall climstic regime [4].
Such a climate has been conductive to particular form of erosion, with
& dominsnce of mschanical weathering In the highlend which supplies
coarse debris that is than transported by occasional streswmflood to the
low land. 1In the direction of the low land the fine sediment Is trans-
ported by wind as wall as by water. Through evaporation there is a
general upward leaching and surface precipitation of salts and other
soluble bonding meterials. The ground surfece Is therefore, commonly
covered with granular alluvial sediments, usually without mus, snd
often saline In charscter. Figure 2 shows a cross-section for a desert
deposition formed by wind and flash floods.

The cross-section along high and low desert land (Figure 2) illustrates
the typs and distribution of solls in the vertical and tongitudinal
directions, speclelly in the surfacial layer which s important for
trafficebility estimetion. The soll formation near the high land area
(Zone 1) is composed of angular gravel, sand perticles, boulders and
cobbles at higher slopes, grading to fine grave! and sand at down slopes.
in this s0ne the 30i! occur in rough layer and are reasonably compacted
and hence usually have good load bearing characteristics except where
occasional silt or clay tayers or debris flow metsrial occur. 1In some
local aress of this zone the ground roughness mey be sufficient to form
different degrees of trafficability obstacles. Zones 2 and 3 are com-
posed of finest and farthest travelled sediments - wind blown silts and
sands. Significant parts of these two zones are covered with a layer
of dry bonded soll sediments. The depth of this layer s varied from 1.0
to 8.0 meter or more depending upun the location of the grownd water
table. [n most cases the bonding materials are soluble. Beposits near
ﬂ\o coast -:; often be partislly or completely cemsnted by carbonste or
1s soll is known as Sabkhe, Figures 2, 3 and §.

e ——————_—

Thus on the above discussion it could be realized that the msjor
wmobi1ity enginesring problems that thess desert comditions can give rise
to are:

s) Contimwous or scattersd obstacles formed by mowntalineous sress,
locel ground roughmess, sand dune, . ... etc.

o) Reduction of soll besring reslstence and other enginesring pro-
perties dua to the less of banding strength wea soll setting.

This study is mainly concerned with investigating the toss In sell beer- j
ing resistonce uwpon wetting in ln nlnlu 0 traffieshility predigtion. :
This Des boan achieved Ty by l tigating the dry sell i
smgﬁoﬁﬂnmm mnln alnﬁnm.a-m

ponstration test and

In ehis study four sofl sempies wore solléated fran ¢{ffecot alsces in

the Argblen ,t.,} .
ol mwtmhu or
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Fig. 1. Schemetic disgram showing desert
prevalling terrain ¢haracteristics
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Fig. 3. Sabkha distribution Fig.
on the west coast
of Saudi Arabia {5}
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gradation curves of the four selected samples where these soils are
classified as SM and SM with some gravel according to the Unified Soil
Classification System. The soi! contains an average of 0.5 percent of
gypsum material. The loss in soil shear strength due to the increase
in soil! moisture content and the corresponding sensitivity of the soil
bonding system are tested and discussed.

SOIL PERFORMANCE USING PLATE AND CONE PENETRATION TEST

The first three semples of solls shown in Figure S, semples (1), (2) &
(3) are tested for both dry and wet conditions using cone penetrometer
device of 30° apex angle and 28.6 mm diameter. The soil dry densities
are chosen to vary within the actual field density range. Also the
effect of rate of penetration is partially investigated to explain the
effect of vehicle operation over such types of soils.

For these types of soils the cone-penetration test results are presented
in Figures 6, 7 end 8. Under natural dry conditions, the soil is found
to behave as a normel compressible material. The relationship between
the dry density and the cone penetration resistance may likely possess
threshold strength-density point below which the soll beshaves in a more
compressible manner. For a real undisturbed soil, the soi! may show a
little higher initial cone resistance than that shown in the above
figures. Then after this initial stage the soll performance will even-
tually be the same.

As moisture content changes from & to 10-12% (that is, from 6 to 8% mois-
ture incresse), the soll may initially gain a little penetration resis-
tance due to apparent shear cohesion, then it gri<ually loses some of its
penstration resistance. The decrease in cone penstration resistance have
reached 60 for soils | and 2 and 43X for soil 3.

Soil may also lose most of its penetration resistance upon disturbance.
This is shown clearly in Figures 6, 7 and 8. As soils (1), (2) and_(3)
were disturbed to its minimum dry density 14.0, 13.5 and 13.5 kN/m>, the
pressure losses were in the order of 90%, 75% and 88% respectively.

For more understanding of the soil-moisture refation phenomsnon in
relation to trafficability prediction, soll (4), Figure 5 wes tested in
dry and sosked (or flushed) condition. The water was flushed in a way
that ensures at least 70% saturation. Plate and cons penstration tests
were conducted on both natural dry and soeked solls and the results are
given in Figures 9 through 12. In these tests the soll dry densities
were controlled within a range of 4.4 to 18.4 . To achieve this,
the soil bonding property may have been affected and this may have in-
fluenced the actual soil behsviour.

The variation In the cone penetration resistance shown in Figures 9 and
10 is obvious. The penetration resistance for soils with 18.4 kiN/m3 den-
sity wes found tu be 9 times higher than that for solls with density of
14.6 kN/m?. After solls sre flushed with water and the molsture content
incressed from & to 14-29% (average degree of saturation is 75%) the
soll cone penstration resistances for all soll densities were signifi-
cantly reduced.
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. Fig., 9. Cone resistence-penetration relations

for different dry densities ~ soil (&)
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Flg, 10, Cone resistance dry density relations
for dry and flushed s01) and the
corresponding pressure lose - soll (4)
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Figure 10 susmarizes the cone penstration test results for these two
cases; cons penetration resistances for natural dry soll with different
dry domaities; ond cons penstretieon resistences for sosked solls with
different éry donsitias. In both cases the cone penetretion resiste /30
donsity relations shaw thresheld density values of 15.9 and 17.5 kN

for dry and soched sells respectively. Below these threshold values the
laprovement in the soll strength is very nominal .and sbove which the
improvement in the soll strength is very significent and mey exhibit o
linsar relationship. The loss In cone penetration resistances dus to water
sosking Is determined In the sbhove figure and was found to be in the order
of 853. The highest reduction valus wes found to be about 88% at the
threshold points.

The soil cone penetration resistence 108s were determined from the follow-
ing relationship;

I R B M
d

where

e s cons-penstration resistance loss, 2

CI‘ = cons-penstration resistance for s natural dry soll

Cly = cons-penetration resistance measured for flushed soil
The plate loed tests were ted on two chosen s0ils with predetermined
dry donsitios 18.2, 17.6 » These sells were tested in éry and

flushed conditions by using two sets of plates with different sizes.

The plate 1oad tests wers carried under a slow penetration rate 5 mm/min,
and the plate pressure~sinhege relationship Is deternined as shown in
Figures 1| and 12. Frem thess tw figures the plete pematretion resis-
tance can be ossily cempered for astural dry and seched sel! conditions.
Anslysis of these test resvits mey indicate net enly the significant loss
in soll strength after the s0il Is flushed with water but also the chenge
:n soll behaviour. The aversge pressure losses were found to be as

ol lows:

(a) For soll with dry demsity of 15.2 kiVe®, the everage
pressure loss is 758

() For soil with dry density of 17.6 ki/n®, the aversge
pressure loss s 90%

However thers are some ¢ifferences between the pressure lass velues mes-
sured by cone and plate load tests; the averapgs value mey still be the

sama. Also, In gencral sueh o olgulﬂunt boaring pruun loss nﬂuu
the importancs of this study.




DU

Y849 §

Sased on the test resuits and the sccompenying discussion it Is now clear
that the loss In desert soil bearing resistance will affect vehicle mo- .
bility over such & seil. To evaluate this fess the sel! strength values ;
for naturst! dry and wet solls were deternined wsing three plats loed- ;
sinkage formulae. The Beokker plate-sinkage equetion {1) 1s: )
‘c n |

P = (K'O-r)(l’ (2)

where P and 2 sre plate pressure and sinkage respectively and Ky, K ond
n are 90l strength values. The Hoee! plate-pressure equation [8] is:

P-Ki 0[5 % (3

where P is soil pressure; Ki and K} are 30l! strength values and S, A

are plate perimeter and area respectively. And the author's plate=sinkage f
equation (7] is:
P e (K¢ FBKY) (ﬂ‘-)" ()

whers P = 20il pressure; I = plate sinkegs; b = plate width; A = plate J
ares; $ = plats periseter ot K, '2' n = 01\ sheer valus. ;

The soll shesr strength parsmeters C and ¢ were determined frem direct
shear test. The deternined 20! bearing strength vealues and the determined
sheer strength peramsters are susmarissd in table (1), for metursl éry
and flushed solls.

The offect of changes in 0!l boaring veluss and sotl ghesr st th pare-
meters on ths whee! motion resistanse and whes! trection formwia (eque-
tions S and & develeped by Bolher [1])fer the natersl dry sel! and the
flushed or wat soll can be sasily dosermined snd is presented as follews:

A -/ =T ‘*% * |

O-)  eekenR)
e (06« veene) I.u - ko _-;*»] ‘ ®

Where & = motien resistence; N © meieum soi! Wirwsty ¥ = whes! fead;
D = whoo! diameter; b = whael wideth; L = whon! contact langth; | =
wiwe! olip snd K -‘ol [ cu"hm.‘ ‘

v
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In genaral the significant decrease of the soil bearing valuss and shear
strength parameters will result in the decresse of traction force and the
increase In motion resistance. The outcome of these changes will bs o
reduction in the vehicle drawbar pull or may cause a vehicle immobl!ize-
tion. (t shouldalso be noticed that the soi) bearing value given in
equation & can bs used with Bekker analysis [1] to yleld an equation
similar to equation (5) and consequently the same conclusion can be
reached.

CONCLUS 10NS

Desert soil can be cheracterized by its many perticle structure systems
and s composed of different materials. In meny cases It mey be descri-
bed as a brittly bonded material sensitive to water and deformation
actions. Performed tests and analyses on this sol! have led to the
following conclusions:

(1) Desert soll classified as sility sand sol} (SM) which is sensitive
to both water and deformetion.

(2) Desert siity soil may lose up to 9% of its bearing or penstration
resistance after it becomes wet.

(3) Desert siity soll will lose most of Its bearing and shear strength
if deformed or disturbed.

(V) Desert siity soil possess threshold density values below which the
sol) is lacking in strength and mey not support hesvy vehicles.

(S) For desert silty soll it has been found thet by Increesing the
soi] moisture content, there is a reduction in the soil bearing
values as determined by the plate lasding test and, in the sheer
strength perameters, as determined by the direct shear test. This
reduction in soll strength will cause & significant Increase in
vehiclie motion resistance as well as o significant decresse In
the maximum trection force.
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m The equipment described in this paper is the result of sowme 33 years of

™
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work in producing full track tractors and half track tractors, for wheeled

of vehicles have been equipped.

The original concept of the track was to make a sectional track which
linked together; the drive plate and the outside grouser plate were
bolted or rivetted together, with wire rope loop arrangement, outside rub-
ber moulded pads. This eliminated campletely the hinge pin operation
since the banding moment on the track was entirely taken through the rubber
enclosed wire rope systam and lengthening or shortening the track was
mmu-mammw.}ﬁ

This typs of track was used contimmlly for about 20 years. Its main
wvesiness was fond to be in the fact that puncture or leskage could oocur
in the rubberised wire rope and weter, especially sea water, could enter
at those punctures and, eventually, cause failure, by rusting.

At this point, a search was undertalen for a medium which had sufficient
tensile strength to transmit HP at up to 200 HP and had not the serious
disadvantage of rusting. The evantual ocutcome of this resesarch was the
dsvelopmant of rayon and nylon woven belts. The weaving of these belts
was designed to give transverse as well as longitudinal strength and was
ample, in the first tracked vehicle, for 100 HP full tractor on pest land,
sanp land, rough sountain areas and in all westhers, including snow and
heavy frost oonditions. Although this typs of track, in its trisngular
form, has besn used on muskeg in Canada, I do not think it vas ever supp~
lied for woek in perma frost conditions in the North of Canada, but, if
thess extress types of condition were to be met, it is perfectly simple to
cbtain the proper type of tracking of woven bslt to the required standard,
sinoe these are camon in Conada with the Snomcbile and, sey, Nodmll and
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Bombardier. Certainly, it doss not seem to be affected by the very ser-
ious frost conditions, in the North of Canada.

A further developmant of this tracking is the triangular tracks fitted to
4D vehicles which we now produce. The great advantage we claim for this
typs of track and vhich has besn proved in practice, is the grester length
of ground contact of the vehicle, their ability to have high ground clear-
ance, self clesning propsrties of the tracking and the low wear which has
been attained tixough eurethans sprocksts.

The ganeral conception of this track was for a central rocking bar which
had, at its extremities, either single or twin wheels and a polythene spro-
cket vhich forms the drive on the inside of the track. The system allows
camplets oscillation, in irregular land or areas where ditching has taken
place and the necessity to cross these ditches, without damege, and has an
advantage since the basic concept of the track is to reduce graund pressure
and, at the sams tims, produce reasonable tractive effort. This arrange-
ment has proved to be extremsly good and is adaptable for many O applica-
tions.

The steering of this equipment is the noxmal hydraulic steering attachment
to the original stesering whesl, so that the full controls of the vehicle
are fram the conventional steering wheel. In fact, stesring of this trac-
tor is, if anything, lighter than the wheeled version.

Another very interesting advantage is that the torque supplied at the

is at least half and sometimes only one third of the torque which
Would bs supplied to the whesls, the reason being that the sprocket arrange-
mnt is nommally at least half or ons third lass in diamster, than the
whesled version.

It is attached to ths wehicle by the ssme stud method as is ussd for whesls
and the main attacimant to the undsroarriage is a sisple straightforvard
bolt system vhich can readily be removed and by removing the sprocket and
replacing the whaels, the vehicle is returned t0 its original whasled state.
Depending on the width of the tractor, the ground pressxe of the wehicle
omn be reduced to cne psi, and the constrxuction of the outsids treck clests,
in standard fomn, allows the vehicle to travel without dsmage on tarsacadsm
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roads, as well as performing in an outstanding memnexr in very rough or
swemp terrain.

The Land-Rover conversion, shown in Fig. 1, which is appliceble to the
majority of #D tractors has besn thoroughly tested over the last 15 years.

The purpose of this paper is mainly to advertise the very considarable
advantage of being able to create very low pressure machingry for under-
dsveloped countries, where, in paddy land rice cultivation, and transport
problems, it is necessary to have a lower ground pressure than from a
vheeled tractor and this track application has a great advantage in that
it is interchangeable, with the whesled adaption, while the whesled vehicle
is of some advantage on hard land work. Also, the low cost of production
of specialised equirmsnt is made feasible by ths use of already tested #HO
tractors, thus avoiding the extremsly expensive commitment of producing the

whole mechenics of a new tractor. Standard, proved 4D wehicles can be
used, without strain on other mschanism.
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AN ALL TERRAIN VERICLE EQUIPPED WITH CTIS

AWATIF K. HASSAN
NORTH CAROLINA STATE UNIVERSITY, RALEIGH, NORTH CAROLINA, USA

ABSTRACT

0

An all terrain vehicle designed and developed at North Carolina
State University in 1980 was modified to incorporate a central tire in-
flation system (CTIS) cowmposed of an air compressor, sclenoid valves and
controls to provide the proper air inflation pressure to the powered
wheels. A radar unit for ground speed/slip measurements was employed to
detect the vehicle mobility. The unit's slip data were erratic and
could not be recommended for automatic control of the tire inflation
pressure. Conversely, the radar ground speed outputs were within +2% of
the actual measured speeds and will be used in future circuitry control

of the cns.&

INTRODUCTION

Performance of off-road vehicles, such as skidders and tractors,
depends on their flotstion which is dependent on tire size snd inflation
pressure. Resistance to motion and vehicle mobility are usually affect-
ed by wheesl sinkage and tire contact aress (footprints) which in turn :
affect rolling resistgnce and tractive effort. Kaczmarek (1981) report-
ed that the footprint of the ZIL~157 military vehicle incressed from
0.04 to 0.092 when the tire inflation pressure was reduced from 294 to
55 kPa under s constant loading condition.

The use of a central tire inflation system (CT1S) has been limited
to military vehicles (Czako, 1974) and has been widely used in the USSR
and Eastern Europe since World War I1. All air systems used on these
vehicles are manuslly controlled from the cadb by the vehicle operator.
Czako (1974) listed 31 models using central tire inflation systems de-
veloped by six nations from 1942-1970. Of these 31 vehicles, 19 are pro-
duction and 12 prototype/experimental models. There is no production
vehicle in the U.S.A. while the USSK has 12 models. The internal axle
slip ring commonly used on the production vehicles to allow the com-
pressed air to enter and leave the tires was designed and developed by
the U.8. Army on the M54, S-ton experimental truck.

Ia agriculture, tire fnflation pressure has been one of the most
important factors affecting motion resistance and tire parformance.
Zombori (1967) reported s significaat increasse in tractive power efficien-
cy as a result of a reduction in inflation pressure of tractor tires at
constant drawber pull. The same results vere demonstrated in Czako's
study (1974) on military vehicles vhare a definite increase in vehicle
sobility and dravwber pull was achieved with central tire inflation re-
duction from 240 :o 103 kPs on loam soil.

¢
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Burt and Bailey (1982) reported sa improvement ia the tractive effi-
ciency of a powered vradial tire equipped with a CTIS, operating under
controlled soil bin conditions, by the sslection of appropriate levels of
faflation pressure and dynemic load. They also concludad that net trac-
tion in future field applicatiouns can be improved with automatic control
of faflation pressure of tires and dynamic losds on wvheel axles for
constant trevel reduction ratio wader varied soil conditions.

Grevis-James snd Blooms (1982) developed and tested a tractor power
monitor to massure ground speed, vhesl slip, and drawbar pull using two
nagnetic pickups for ground and vheel spesds and a strain-gauge dravbar
dynasomater. A fifth wheel unit vas used to messure ground spesd on the
four-vhesl tractor vhich sight not be applicable under forestry condi-
tions. The use of a radar unit for ground speed messurements eliminates
the f1fth vheel and is very attractive in field application. Many radar
units are equipped vith sensors to detect ground speed as well as elip
(Tsuha, et al, 1982, Richardeon, et al, 1982). Under laboratory coun-
ditions, Tsuha, et al, reported that the accuracy of the ground speed
msasurensuts using radsr units vas 435X, Several tractor performance mon-
{tors using radar based true ground speed seunsors for agriculture and
off-highway equipment sre available om the wmarket for installation on
vehicles to monitor field performance amd production.

The great varfability in the road/terrain conditions represents the
main difficulty in the use of manually operated cemtral tire inflation/
ground spedd control systems. Several gquestioms are in order:

1. WNow does the operstor kaow that the tire pressurs naeds
sdjustasnt?

2. Bow cam he iaterpret the control conecle resdings from
the redar ground speed sensor to inflation pressure
alterstiocn?

3. Bow does the operator know to what exteat aad in what
direction the pressure should be adjusted?

4. USow often snd how fast can the oparator vespond to
terrain varistion in a certaia times interval?

A logical smnswer to all thess questions leads to the need for full suto-
matic coatvol of the ceantral tire fuflation presswre system ueing various
sensots. Therefore, the uitimste geal of this vesearch program is to

develsp an swtometic ceatral tire inflstion system to ssewse vehicle

wbility wnder various forestry terrsian/soil conditfons. Sewever, the :
asin objectives of this paper are to prasent aa sll terrainm vehicle i
oquipped with a CTIS, to discuse the vericus msans and semsors for asto- )
natic control of tire {aflatien preseure, and to present the results of |
field evalustion studies weing differemt tirs ianflatiom presssres.

INE1EE OF T8 ATV

Sice Oharegteriotice

The ferestry eavireumint incledes sany extremss. Ous :
cavere of these emtremes is wet ¢itee that have boom beadded in prepara-
tion for tree planting (Reseen, 1978). PFigure 1 shows soil atreagth and
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a typical bed profile in the Coastal Plain region of North Carolina.
Soil strength is very low and hence requires a low ground pressure ve-
hicle for tree planting and subsequent forest operations. The use of a
trajled planter on these sites requires st least a minimum of a 45-kW
cravler tractor vhich tracks to either side of the bed causing clearance
and bogging problems and resulting in losses in machine productivity.

S0IL REDSTICE , Wie
58 B8 8
L] ¥
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OISTANCE PROM CENTERLINGE OF BED , me

F16. 1. Profile and soil strength measurements of a

typical bed prepared by a bedding plow without packer
drum.

Basic Design of the ATV

The above limitations and other considerations led to the develop-
ment of a light-weight, all terrain vehicle (Fig. 2) at North Carolina
State University in 1980 (Hassan and Whitfield, 1982). The ATV {s

equipped with a 12 kW, air-cooled engine, hydrostatic transmission and
terra tires.

Field Testing snd Evalustion

The ATV was operated on various beds of histosal soils in the Hof-
aann Forest, Maysville, N.C. and on oxisol soils of Federal Paper Board
Co., Inc. at Lumberton, North Carolina. The vehicle proved to be ade-
quately powered and displayed good maneuversbility and stability.

A traction (pull) test of the ATV was conducted on a bedded site and
a dirt rosd at Lusbertom, where the load was applied by a skid pan and vas
incressed by adding dead weights to the pam. The line pull was msasured
by a hydraulic dynamomster. Por each load, advance and time per five
revolutions for each of the two powered wvheels were recorded to determine
the travel reduction and ATV forward speed. The average moisture contents
on a dry weight basis of the bedded site and the rosd were 80% and 20X
respectively. The pull-travel reduction curves for this test are shown in
Fig. 3 for a tire inflation pressure of 42 kPa. A total of 1000 N pull
wvas gvailable at 13 percent travel reduction on the bedded site. This
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FIG. 2. The ATV with A-frame suspension {s showm
operating on a bedded site st the Hofwenn Forest,
.uCo - hy 19.0-

A
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F18. 3. Tractive pull-travel redustion surves for the
Wdu-lanmlnm.me..lqlﬂl.
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pull force should be sufficient for light forestry operations. The
results of the pull test also indicated that the overall tractive power
efficiency of the ATV was only 25% at a ground speed of 5.4 ka/h.

The contyrol mechanisa for the hydrsulic pumpe allowed the driver to
turn easily and control the spesd of the vehicle. Total mass of the
vehicle and two operators, one driver snd one fnstrument reader, vas
692 kg. The nass distribution vas 78% on the fromt drive vheels end 222
on the rear caster wheels. HNowever, on rough terrain, the caster vheels
tended to lose comtact with the ground sad swirl which ceused excessive
drag end lateral rear-end swings. This phenowtnon was wost evident vhen
the ATV was attempting to travel scroes the beds. By increasing the
trailing angle of the rear wheels, this problem was slimingted except in
very rough terraia.

The suspension system on the front wheels of the wvehicle was help-
ful in maintaining vhesl to ground contsct, but the suspsmsion A-franme
caused clesrance problems in some instances. Stiffer springs than those
on the machine should sllow for more equal wovemsat of the suspension
frame above and below its static no-load position.

CENTRAL TIRE INFLATION SYSTEM

Physical Paramsters of the ATV

The use of skidder tires or similar large size tires vas not possi-
ble due to the large volume of air to be controlled or to the need to
redesign the tire so that a small portion of its volume would be control-
lable.

The results of field testing of the ATV in Nerth Carolima in 1980
indicated that the light weight vehicle, when properly designed, should
be suitable for forestry applications and suggested further development,
(Hassan and Whitfield, 1982). Therefora, it was decided to use the ATV
in the development of an sutomatically controlled CTIS suitable for off-
road vehicles. The origisal design of the ATV was limited to & total
mass of 692 kg. The addition of the CTIS and radar unit increased the
vehicle mass to 860 kg (Fig. 4) wich wveight distribution of 74 and 26
percent on the front and resr axles respectively. The front axle springs
were strengthened to accommodate the sdditiomal weight. The caster rear
wheel {nflation pressure was maintained constant at &8kPa throughout the
entire study.

Central Tire Inflation Pyesgure Circuit

The ATV tire iaflation system circuit showm in Fig. 5 is composed
of two noraslly closed sslencid valves for inflating amd deflating the
air pressure of the frent powered tires. A portable compressor equipped
vith s 3-kil gas engine supplies cowpressed air at 670 kPa. When air is
to be added to the tire, the inflation solenoid valve is activated, and
subsequently aif flows from the cowpressor tenk through the valve to the
svivel elbov joints snd enters the tires. When sir is to be removed, the
deflation solemoid velwe te sctivated snd the atir flows from the tires
through the valve vhere it is vented to the stwowphere. A msffler 1s
used on the valve owtiet to reduce the air pressure before discherge for
safety and noise contvol. Four safety relief valves set at 137 kPa are
uweed in the inflacion/daflation circuit to protect the tires agaiamst




FIG. 4. The ATV equipped with the CTIS and radar speed unit
operating on sodded field ar WCSU, Jwme 1963, vhere (1) in-
flation solenoid velve, (2) deflation solencid valve, (3)
safety relief valves, (4) radar moniter sommted 60 ca above
ground at 37° depression sagle with the horiseutal plane,
(5) radar comsole for divect readout, (6) mamual pressure
svitch circuit, (7) elbow pivet joint commecting the CTIS
to the drive vheel, (8) portable air compressor with 3-kW
engine.

=

FIG. 5. ATV central tive inflstien/dafletien system
oquipped vith preseure tranaduesr for csntrelliag tive ‘
] inflation. |
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high pressures. The normally open manual shut-off valves are used to

prevent air leakage from the tires vhen the vehicle is not in use for
an extended period.

A manual switch circuit composed of two push button battery-operated
swvitches controlling the inflation and deflation solenoids was necessary
to investigate the operational characteristics of the tire pressure
system and to the development of the control system.

Central Tire Inflation System Tests

Tests of three to five replications were conducted to determine the
characteristics of the CTIS under different conditions. The compressor
tank fillup rates were 13.8, 11.8, and 10.3 kPa/s with air pressure ris-
ing from 0-207, 0-414 and 0-620 kPa respectively. A total of 60 seconds

was needed to fil]l the tamk to 620 kPa and five seconds to discharge 1t
completely to the atmosphere.

The average inflation and deflation rates of the ATV tires at dif-
ferent tank pressure settings for three trials are shown in Table 1.
The tests were conducted stationary due to difficulties of recording the
data while fin motion, and the data were consistent and slmost ideatical
for all trials. When the compressor tank was pressurized to 207 kPs,
the air solenoid valves were imopersble because their pilot pressure
has to be gresater than 207 kPa to activate the solenoids. The rate of
inflation of the ATV tires decressed in general vwith a decrease in the
air compressor pressure and for higher tire pressure settings (Table 1).

The results of the tire and tank pressure tests indicate that the
CTIS vas adequately designed for the ATV and will provide fast pressure
response to tolerate difficult terrains and wet conditions.

INSTRUMENTATION FOR AUTOMATIC CONTROL OF THE CTIS

As in any asutomatic control system, the pertinent objective is to
select sensing end control devices to maintain the most suitable level

of inflation pressure. Policies for a particular terrain condition will
depend on the imputs and sensitivity of the transducers used.

Sensing and Control Devices

Sensing devices can be & function of ground comtact pressure, depth/
sinkage of wheels, applied external load, dynamic load on tires, ground

condition, ground speed/vheel slip or a combination of any of these
variables.

A sensor based on tire-ground coatact pressure might be ideal for
direct fesdback needed for vehicle mobility. Strain gauges imbedded
into the tire periphery would provide continwows recording of groumd
contact pressure that may be seneitive to soil/terrain variatioms.
Rovever, because of the terraia and the severe punishment of
the tires under field conditions, the straim gauges would not be able to
function properly, which will eliminate this approach.
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TASLE 1. CHRARACTERISTICS OF THE ATV CENTRAL TIRE
INPLATION SYSTEM. SEPTENBER 1982 - wCSU.

Tire Compressor Required Average
Pressure Tank Time Pressurigsation
Pressure Rate

Initial Pinal
wPa kPa kPa Sec kPa/s

A. Tire Inflatiom Test

0- 33 620 540 0.3 70
0- 69 620 478 0.9 77
0-10) 620 402 1.4 74
0-138 620 206 2.5 ss
0o~ 33 414 519 0.5 70
0~ 69 414 207 1.0 69
0-103 414 118 ) 1.% 69
0-138 Al4 0 17.3 8
o- 33 207 103 1.0 35
0~ ¢ 207 335 3.3 21
0-103 207 0 22.0 5
B. Tire Deflation Test
103- 0 2.16 48
13¢- O 3.16 46

C. Tire Pressurisation at Constant Intervals

0- 33 620 517 0.3% 70
35- 69 i Ald 0.3 (1]
69-103 414 310 0.6 57

103-138 310 207 1.8 23

Internal tire pressure would vary with tire deflection and defor-
mation on diffeveat surfaces. Therefors, under soft terrain conditions
vhere sinkage takes place, tire deformation will differ, resulting in a
changs ian the tire inflation pressure. A pressure transducer in line
wvith the tire pressure lises (Fig. 3) cam predict tire pressure vari-
ations within 41.0 kPe®. A logic circuit comperiang the pressure trams-
ducer owtput with a predetornined vindow of acceptamce composed of

"Parsonal commmmication with the National Tillage and Machinery Labor-
story staff, USDA., Auburn, Alabama.
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maximsum and minimum air pressure values, is necessary for the success

of this sensing wmethod. Whenever the pressure transducer signal 1is out-
side of the window, an appropriate comparator pulse is generated to
activate the respective solenoid valve for either deflating or inflating
the tires (Fig. 5). The inflation pressure sensing method was discarded
becasuse of complexity and time needed for debugging the logic circuit.

A load sensing device can predict the change in resistance due to
terrain variation. Unfortunately, under wost field conditions the load
drags behind the vehicle, therefore, the machine will be immobile before
a signal is generated. A change in axle load distribution due to operat-
ing on steep terrain might be useful for adjusting the inflation pres-
sure of all tirea. Electronic axle load cells are available for heavy
truck application and might be utilized in this application.

A sensor based on ground condition measurements such as cone pene-
tration resistance moisture content of soil, depth of snow, or sofl
density, equipped with a time delay circuit for proper timing will be
useful in automatic control of the CTIS. Unfortunately, these soil para-

meters are not independent of each other and also vary with soil type
and structure.

A sensor based on ground speed/slip measurement will provide direct
information needed for tire inflation pressure control. The ground
speed/slip sensors, normally utilize a microwave Doppler radar unit or a
fifch wheel in front of the vehicle for monitoring the slip. Several
devices are svailable and can be readily installed on farm tracctors for
controlling wheel slip and measuring productivity. It was felt that the
speed/slip control technology is well established and can be implemented
on the ATV with the CTIS for asutomstic control of tire inflation pressure.

RADAR GROUND SPEED MEASUREMENTS
Principle of Radar Messsurements

The radar sensor provides a true measure of vehicle speed over the
ground using the Doppler principle (Fig. 6). Illuminating the ground
below the vehicle, the reflected beam is compared with the transmitted

beam to derive a difference of Doppler frequency proportional to the
vehicle speed.

The Doppler frequency shift is expressed by (Hyltin, et al, 1973):

f‘ ‘—%—v‘—c“e

vhere:
fq = Apparent Boppler frequency shift im Herts.
Vg = Velocity vector (vehicle velocity).
A = Vavelength of transuitted beam.
0 -

Angle between the velocity vector and center of the
sntenns besm (depression sagle).
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PFIG. 6. Geometry of single beam Doppler frequency
negsurensnts.

The vehicle velocity is calculsted from:

I # T
'I 2 cos © a

For sn anterma depression angle of 37° and transmitted frequency of
24.125 GHsz,s vehicle velocity of 1,609 km/h (1 mph) is equivalent to a
Doppler frequency shift of 57.5 Hertz (Tsuha, et al, 1982). The output
of the radar sensor is 3 square wave vhose fraquency is directly pro-
portional to the vehicle velocity. The frequency to speed conversion
factor is approximately 35.7 Hs/km/h (57.5 Hz/mph) when the sensor 1s
mounted at a depression angle of 37°, approximately at 0.6-1.0 m (24~
39") abowve the ground. It will operate satisfactorily while facing in
either divection; forward or rearwerd.

A Radar Semsor for the ATV

A radar witt (Dickey-John TPNI1) was installed on the ATV as close
as possible to its center of wmass, approximstely 60 cm adbove the ground
with depression engle of 37° and transmitted frequency of 10,535 Gz
resulting in calibration factor of 1 Ha/cm/e (44.7 Hz/mph). The unit
msonitor console displays ground spesd, wheel slip, sugine rpm, and area
covared. A 10-tooth sprocket based on the radsr pulse rate of 223.35
pulses/s for the vhesl slip measurement was fivst evaluated but because
the ATV was hydrostatically driven and opersted st low speeds, a 96~
tooth sprocket and a magnetic pickup tramsducer msounted on the right
vheel axle to determine wheel slip were mest suited for this spplication.

The cutput signsls on the radar console are at the rate of one read-
out per second,vwhich 18 very slow becsuse of the timse delsy ia processing
the signale. Aan interface circuit wvith the iaput eigasls to the TPM II-
MD4332D registers will be comstructed snd fed to an sxternal computer
for controlling the tire {aflation presswrs bssed on slip snd/or grownd
speed inputs. Vhen dewsloped, this sutomstically operated ground spesd

gy
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central tire pressure system will represent a great revolution in vehicle
mobility and in optimizing field operations which will result in sub-
stantial energy and cost savings.

Radar Performsnce & Evaluation

The main components of the radar unit are an antenna, a microwave
transceiver, an estimator and 3 microprocessor. The horizontal speed is
calculated from the radar transmitted signal (Eqn. 1) and the slip is
calculated either from the engine rpm for direct drive vehicles or from
vheel rpm for hydrostatically driven vehicles such as the ATV used in
this study.

Tests of the radar unit to determine its characteristics were con-
ducted in Fall, 1982 on a paved road andon a sodded football fileld, NCSU
campus, Raleigh. The vehicle was operated at constant full throttle with
constant rear tire pressure of 48 kPa and front tire pressure ranging
from 13.8 to 110.3 kPa. The trails were approximately 30 meters long on
nearly straight and level ground. The data shown in Table 2 are the
average of all recorded points along the trails for each tire inflation
pressure. The ground speed on the paved surface was fairly constant at
all tire pressures, however, it increased slightly with an increase in
tire inflation pressure on the sod. The slip percent readings were
erratic and constantly changing. After repesting the tests at tire
pressures of 27.6 and 110.3 kPa, it was concluded that the slip measure-
ments were not sufficiently accurate for controlling tire inflation
pressure. Contrarily, the ground speed readings were within + 0.15 kw/h
for the same test run (Table 2).

Calibration of the radar ground speed measurements was conducted on
two 152.4-m trails, one on paved road and the other on sod, on the NCSU
Campus by recording the time for each 30.5 meters (station) along the
trail and at least four radar console readings for each station. The
results of this calibration indicated that the radar recorded ground
speed measurements (Vy) were less than the average recorded speed using
a stop watch (Vp); the error is within + 3.5 percent. The statistical
equation of all data points obtained from this calibration test was:

Ve = 1.03 ¥y (2)

Traction/Slip Test Results

Relationships between slip and ground speed under different loading
conditions have been estsblished by several investigators in the agri-
culture snd off-road vehicle fields. A pull test was conducted on a
heavy sandy clay soil st the Schenck Memorial Forest, 8 km west of NCSU
campus. A 152.4-m trail vas established with five stations marked every
30.5 m. The average moisture content of the soil was 52.4 percent on
dry weight basis. A skid pan loaded with pulpwood was used to load the
ATV during the traction teat. The test vas conducted at four tire in-
flation pressures (Table 3). The radar speed and slip data were read
directly from the console and recovded on a microcassette recorder by
one operator riding on the ATV and the time travelled per station for

e B v e
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TABLE 2. PERTFORMANCE OF THE RADAR UNIT AT DIFFERENT
INPLATION PRESSURES AND NO LOAD. WNOVEMBER 1982.

Tire Rolling Ground 8peed
Pressure Radius Engine RPN kn/h s$lip X

kPa [ 1] mean o uesn o mean O

A. Paved Surface

13.8 316 3256 6 8.0 0.08 3.6 0.6
27.6 7 3211 13 8.0 0.14 3.2 0.8
41.4 348 3218 10 8.1 0.08 3.2 0.8
5.2 352 3223 7 8.2 0.13 1.6 0.6
68.9 357 3232 13 8.% 0.08 2.4 0.6
82.7 360 3226 6 8.5 0.14 2.4 0.6
96.5 364 3234 6 8.% 0.06 3.0 0
110.3 365 3231 [ 3 8.5 0.06 2.8 0.5

B. 8o0d Surface

13.8 316 3175 [ 7.6 0.14 5.8 0.4
27.6 kb ) 3199 7 7.7 0.13 4.4 0.9
41.4 38 3218 15 7.9 0.18 3.8 1.1
$5.2 352 3209 6 8.1 0.18 4.6 1.3
68.9 357 3223 9 8.2 0.11 3.4 1.1
82.7 360 3220 4 8.3 0.08 2.0 0.7
96.5 364 3253 4 8.5 0.13 2.0 0
110.) 365 3248 3 8.4 0.08 2.4 0.6

[] .
Standard Deviation

speed and travel reduction measurements was recorded by another operator
on the ground.

The results of these tests indicated again the reliability of the
ground speed measurcments and unacceptability of the slip readings ob-
tained by the Dickey-John unit. The radar data output prior to pro- :
cessing was monitored on an oscilloscope and found consistent. |
Calibration of the radar unit to relate pulse counts to ground speeds
will be conducted in the laboratory using a variable speed belt unict.
A logic circuit is under investigation to control the tire inflation
pressure.




B

1253

TABLE 3. RESULTS OF THE PULL TEST AT THE SCHENCK MEMORIAL

FOREST, NCSU WITH THE ATV OPRRATING AT FOUR TIRE
PRESSURES. NOVEMBER 1982.

Tive Pull Travel Cround Radar Measurements
Pressure Reduction Speed Speed slip
kPa L] z ka/h ka/h z
27.6 0 0 7.7 7.4 4.7

111 2.7 7.5 7.1 5.9

313 6.9 7.1 6.9 5.8

64b 14.5 6.6 6.4 9.2

55.2 0 0 7.9 7.6 3.2
111 4.2 7.3 7.1 4.6

327 5.4 1.5 1.2 4.3

839 16.2 6.6 6.5 10.4

82.7 0 0 8.1 7.8 3.1
111 3.9 7.8 7.3 3.7

367 5.3 1.7 7.4 3.7

862 17.7 6.7 6.6 11.8

110.3 0 0 8.1 7.8 2.9
111 4.1 7.8 7.2 3.2

433 5.4 7.6 7.4 A.b

865 17.3 6.7 6.8 12.9

1376 21.2 6.4 6.2 12.1

30

CONCLUSIONS AND RECOMMENDATIONS

The radar speed mesasurements are suitable and accurate for detecting
ground speed of forestry and off-road vehicles.

The central tire inflation system design was adequate and cen be
extended to larger vehicles and skidders.

Work is in progress to interface with the radar console speed and
wheel rpa signals to automatically control the tire inflation
pressurs.
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$ CENTRAL TIRE INFLATION SYSTEMS (CTIS) - A MEANS TO ENHMANCE VEHICLE

AD-P004 399

MOBILITY.
ROBERT W. KACZMAREX

US ARMY TANK-AUTOMOTIVE COMMAND, WARREN, MICHIGAN

For the vehicle designer there are numerous comsiderations that must be
taken into account. Based upon the type of requirements which are to be
placed upon a vehicle, a variety of alternatives are ususlly available
to achieve the final design goal. The nature of modern warfare places an
additional responsibility and somewhat more difficult burden on the
designer of military wheeled vehicles.

Probably one of the most demanding features hoped for in modern military
wheeled tactical vehicles is to achieve a high degree of mobility. If
a wheeled vehicle is mobile it cam fwmction in & broader range of roles,
\thmfm providing it with s higher degree of utility.

'ﬁim there are numerous ways of increasing’ s wheeled vehicles overall
modility and effectivemess it them becomss 8 choice of which mobility
features to incorporste into 8 vehicle design and how effective each of
these features are from s performance and 8 cost effectiveness staa@oiut

gmoo!mmtcffntinndnllmsysm mtmmuqud
to vheeled tactical vehicles to the overall vehicle mobility -is
CTIS. In gemera] these systems, ture relatively simple designs, are
2 highly effective snd conveniest msthod of emhancing vehicle mobility
nd sre relatively simple to operate.

mmuaumuuar.pjmumofmsmmumt
~of the tachnology te-the-stute-5I-the art.

(
)A CT1S cen be defined as, "A system incorporated in s wheeled vehicle

vhich peraits the vehicle tire pressures.to be regulated by the wehicle
driver/crow mssber from within the vehicle cadb while o the move". 1f
the vehicle tires are delfated from SOpsi to 1Spsi the tire footpriats
will iscresse substantislly. Wenever the ares of the feetpriat is ia-
crossed the grownd pressure which thet vehicle exporiences is reduced.
Assuming that the seil st .
offort and ovevall nebilicy s vehicle will increase st the lower !
1evel, honce allowing this wvehicle to aceeaplish & high level
porfornanse. ,

pressure
of nability

Fig. 1 BTR-152 Seviet Armered Car
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The BTR-152 SovietArmoredCar (Fig. 1) utilized CTIS., The CTIS design for
the PTR-152 wss of the "Pentagraph” type which had exposed air lines that
1ed to the wheel hubs. On the overall, the CTIS operstion on the BTR-182
did improve overall vehicle mobility; however when the vehicle negotisted
rough terrain or heavy vegetation the "Pentagraph” lines were dameged and
adversely effected the operstion of the CTIS. Fig. 2 basically illus-

trates the system layout for the CTIS which the PTR-152 vehicle employed.

1
5 B = R

Pig. 2 BTR-152 CTIS System

The operatien of this system was very simple. As shewm ia figwre 2, eir
entexed the system thre an 3ir cleasss, was cospressed iate st siv stemage
tank ond reguisted st & pre-set working system presswre. Whem it was
desived to increase tire pressure levels the iaflstien contwel valve was
positioned in the inflate sede ond the wehisle tires were iaflasted, vhen
deflstion was desired the vehicle operator simply pesitisasd the cemtrel
tv;ln to t:o d:futtu position, peymitting the tires to "dump" alr past
e control valve.

Stases and the Seviet Uniom experi-
on the axles as & meanms
wehicle tives. (Pig. 3)

I ite v o ;,.L-.-"#M to the vehi-

-




1267

AIR QUTLET

LOTEANGEER SLIP
S ACSEMELY

SLIP RING
ASSEMBLY

PFig. 3 Alr Transfer S1ip Ring Assembly

Since World War 1II the Soviet Uniomn and Warsaw Pact Comntries have espha-
sized the use of CTIS on sll tactical wheeled vehicles. Fig. 4 is a

diagram of s CTI System utilized on an early Soviet 25 tomme cargo truck
(211-157). The 211-1S7vas s departure from the earlier vehicles utiliz-
ing CTIS in that it did employ slip ou the axles as a means of air
delivery. Esch slip ring assesbly is fitted with seals to help preveat
air leakage. By observing

Fig. 4 it is evident thet the basic difference
between the CTIS on the PTR-152 and the ZIL-1$7 is the utilization of the
slip ring.

il

i;i;;f’.'
L
}

!!!}5‘

(]
Pig. 4 ZIL-157 CTIS System




I

1288

Since CTIS is wswally mgu&rml%ﬂ‘ hove = whﬂ-
system, the sir presswe for T

from a common vehicle sir tank supply system. Being thet weidcle safety
is more important thas wehicle pexrformsnce s wlwe lod on the
vehicle air tenk swpply system vhich assures that the sir presewse ve-
quired to operate the vehicle air brakes is satisfactesy ]

ing air pressurs to operate CTIS. If the wehicle air apPpLy
level is relatively low, this valve will sir presouye to the air
brakes for operstion but no air pressure will be delivered fer CTIS wmap.

It was emphasized earlier in this psper that the primsry iatent of CTIS
from a mobility standpoint is to lower vehigle tire lowels in
effort to increass the tire ground contact sres will lower the
overall ground pressure and help increase vehicle dvavbar pull snd wobil-
ity. Figure S is agraph of the changes in tire footpriat asreas for the
ZIL-157 vehicle utilizing 812:00X 18 bias ply agressive tyend tive. Beth
the net and gross footprint aress more than dmbile vhi the tise pres-
sures sre dropped from 50psi to 10psi. This feotpriat eres inccoases
primarily in the leagth dimension. '

¢k

i

.1

Fig. § 2IL-187 Feotprist Areed” .

Pigure 6 is a tidle which 1llustrates the stxiinm increlise ia Drawbar-Pull
while reducinginflation pressure levels om the IIL-157 wvehicle. It is
interesting to note the percent incresse ia drmber-pull whea tire pres-
sure levels sre reduced.

-
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Tires used on vehicles utilizing CTIS can be standard type tires, biss or
radial ply, tube or tubeless design. If a tube is used within the tire,
the valve core must be remcved to allow for deflation of the tire wvhen
the CTIS contro! valve is activated from within the vehicle cab.

The wvheels that are used for CTIS design are of the "split" type comfig-
uration to aliow for a bead spreadsr to be installed withia the tire.

A bosd spresder must be wsedto comprese the tire bead against the immer
vheel rim surface so that when epereting at 10w tire pressures the tire
bead does mot separate from the immer whoel rim and deflate the vehicle
tires. A locking device is also installed in the tire/wheel assesbly to
preveat the tube from votating in relation to the wheel at low “ire pres-
sures. PFgure 7 i1luwtrates the tive/wheel sssesbly ua boad spresder
vhich is employed om the TATRA 813 vehiegle.

DRAWBAR
INPLATION DRAWBAR PULL
SOIL VEHICL2 PIIS:III nﬂ-l: IE?ASI
WET LOAM Z1L-157 35 %00 - -
15 4300 9 -
7 $000 3 16
I SAD ZIL-187 38 5000 -
1 6300 2
Coss SAD TIL-187 J 3000 -
18 o “
Y Lo In-187 E %oe -
3 2300 s

PFig. ¢ 1II1-157 Dyevber Pull Ac Verying Tize Pressousee

8)
and the
eentral valws @& e 013 wiisle mo i inproved s oo

m mSMﬁﬂuam«m

mSTTMR L WL ey
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Pig. § TATRA 813 Vehicle
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Pig 9 TATRA 813 CTIS Comtrels
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Fig. 11 PAP 2026 CTIS Comtrols

A system witich is currently beingmeeiied by the A Gemsral Osrporstien
a‘q\::l te onﬂn om m!;lul truck {!u u)‘r:“ t: am::&wu
414 .udm’uu cortatnly should odd o dinen-

ply tives, s0 the change to
{ sion to emhame e vehicles overall mability, + 13 1llustrates the
goneral layout of the CTIS wtilized by AN Genersl tiom.
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Fig. 12 AM Gemersl 5 Tom Cargo Truch
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Fig. 13 AM General CTIS System
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The designof ANGenerals patented systen incorporates some definite im-
ts to previously knowa systems. In em effort to reduce tire

inflation times a large 16.1 CIW air cospresser is used. For comparative
purposes the ZIL-157, an earlier Soveit 6X6 vehicle utilized s 5.5 CPN
air compressor. The AN Cemeral system incorporates & single air tank
(for air brakes aad CTIS) instead of two or three imtercommected tanks as
observed in esrlier gemeration system designs. A straight forward aad
sisple to use pressure comtrol valve is also utiliszed on the AM Gemeral
design for the varicus terrains which s vehicle may have to negotiste.

Ia the suthors on, the AN General CTIS design represents the state-
of-the-art- ia CTIS tecimolegy ares. Nevertheless, there are other
technical approsches worth mentioning which ceuld have merit ia verying
nucl‘ e tire pressure levels as & means to increass overall vehicle mo-
biliey.

Currently there are RD offorts underwsy to design aad mssufacture charg-
od cartridges that can be sdapted to ¢ vehicle axle bub with hose con-
noction between the charged ¢ylinder and the vehicle tire. An electronic
signsl from the vehicle driver/operator activates a valve on the charged
cylinder for inflating/deflating s vehicle tire. This system would elim-
inste the need for a vehicle compressor and the asseciated comtrols and
plumbing but would be limited from the standpoint of the mumber of times
it could inflate s vehicle tire prior to being re-charged or exchanged
for s new cylinder. In a cosbat emviromment the charging of these cylin-
ders could also prove to be hazsrdous.

Due to the characteristically stromg flexible sidewsll of a radial ply
tire, the quality of the vehicle ride end handling are substaatially
better than that of a vehicle utilizing comventional bias ply tires. In
the past seversl yesrs an extensive amount or progress has beea made on
advanced radial tire desigas. It would be ideal to assume that s radial
tire could be designed to operste at one standard pressure level for both
soft soil and primery roed spplication. Such a design would allow s
vehicle to have low ground pressure and high traction ia the off rosd
terrain and then be able to operate at high speeds om primary rosds with
relatively low rolling resistance to prevent high hest build-wp. Some
currest tire desigms have been offered ss gandidates for use as s stand-
ard pressure tire but to dste have not recefived oversll approval for this
type of usage. In the event that a currently produced larger size radisl
tire were used to fulfil] this requiremsut it would prodebly to be
too heavy for the spplicstion. As a result vehisle ride and ing
would be degraded and the tires wowld probadly kave a temdsacy to over-
hest during high speed driving on primary roeds, hemce destroyiag the

tive.
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It is also reasonsble to assume that a completely unique asutometic CTIS
could be designed which would require no driver/operator imput or judg-
ment. Such a system would sutomatically sense and continually monitor
the terrain conditions and adjust the wvehicle tire pressures to an opti-
mm pressure level. In addition, such s system could activate/deactivate
the vehicles differential locking mechanisms on an "as needed" basis;
depending on the terrain being negotiated.

Up to this point various CTI systems have been discussed with an attespt
to generally describe what type of hardware has been developed as well as
introducing some alternstives spproaches to increasing vehicle mobility
by varying tire pressure/profile relationships.

1f a component is to be designed into & vehicle comfiguration, regardless
if it concerns the vehicles mobility, survivability or maiatainsbility;
it must focus around the original intemt or missiom of the vehicle itself.
Depending on how well these components sre chosen and engineered into the
vehicle design is somsvhat dependent upon how successful the vehicle will
fulfill this nissiom.

Webster's Dictionary defines s mission as “sn essigned duty or task".
This definition can be exeaplified upon vhen we attempt te define the
nission of & vehicle. A very gemeral defimitiom of the mission of »
vheeled cargo truck could be "to transport persomnel and equipment over
various terrains in s effective mamner”. Hence, when designing such a
vehicle it would seem practical to place the most concera on those factors
or components which would provide the vehicle with the highest probability
of completing its intended purpose. Such a vehicle must possess certain
enginesring performance charscteristics or potentials (i.e. specific
acceleration, top speed, grade climbing) in order to negotiate the obsta-
cles throughout the vehicle mission. The vehicle should be designed to

a high degree of relisbility so that failures are kept to a minimm so

as not to interfere with mission completion. Last but not least,time

required to fulfill a mission sust be taken into consideration.

The performance characteristics of a vehicle must always be hipghly re-
garded during a vehicle design phase. Certifications concerning engine
horsepower, vehicle step climbing capedility, mimimm braking distance,
soft soil mobility performence, etc. are all somewhat commom requirements
for modern military wvheeled vehicles.

Vhenever CTIS is considered for sdaptation to a wheeled vehicle it is
probably viewed as & system which enhances a vehicles mbility perform-
ance. However, it should also be aoted that dy utilizing CTIS, the ride
and hendling charscteristics of the vehicle cam 3lso be improved, theve-
fore labeling it ss an impressive side bemefit. The more emergy that is
absorbea by a vehicle operstor or the vehicle componeats, the more fatigue
oeeu-;. csusing oversll degraded vehicle performmmce amd evemtusl cempo-
nent faijlures.
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A CTIS was adapted to some 15 and 16 ton US Goer Vehicles (Fig. 14).
Since the Goer vehicles did not have a suspemsion system, the flexing of
the sidewalls of the large 16 ply, 29.5 X 25.00 earthmover type tires
provided the only means of absorbing the shock between the terrain and
the vehicle. In a tactical truck, if the tire design is properly chosen,
it too will reduce shock and have a cushioning effect upon the vehicle
driver and the suspension components.

Fig. 14 BS Goer Vehicle (16 Ton)

On a vehicle that esploys CTIS the tire pressure levels can be adjusted
vhen negotisting rough terrain. The lowering of the tire pressures will
then allow grester flemxing in the tire sidewall which will decrease the
ssount of emergy normslly experiemnced in the vehicle suspension systea

components theredy incressing component life and improving the oversil
relisbility and maintainsbility of the vehicle.

Fig. 15 graphically displays the relationship betweem surface roughmess/
vehicle tire pressures at various vehicle speeds.
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If CTIS is properly utilized and consequently does improve the overall
relisbility and majintainability of a vehicle then it can prove to be s
very cost effective system.Fig. 16 graphically displays the relationship
between meintenance costs and usage of vehicles over various surface

roughness courses.
£

454

3

Graphical RMS data represents empty US M923
S Ton Tacticsl Cargo Truck negotiating 2"
washboard course at Nevads Automotive Test
51 Center. All RMS reedings were recorded at
vehicle axle.

2 5 ¢ S 6 7 & 3 w» 4
—_—y

Fig. 1S Surface Roughness Vehicle
Tire Pressures At Various Vehicle Speeds
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Utilization of CTIS can also have a positive impact from the Humen Engi-
neering/Psychological viewpoint. If s vehicle driver has besn opersting
a vehicle which has s somewhat rough ride, this driver will experience
most of the asccelerctions/ decelerations when the vehicle is negotiating
rough terrain. Driving & wehicle under these conditions will increase
driver fatigus and will most likely also increase the time required to
negotiste s givem terrsin. From s psychological viewpoint, am operator
willbecome disgrumtied with a vehicle that has a marginsl performance
level. A driver needs to have confidence in the equipment he/she is
operating or the level of accomplishment will be relatively low.

In general, whenever the time element to complets 3 given task can dbe
reduced, the more efficient an operation becomes. Likewise vhemever we
increase the time it takes to complete a given mission, the oversil
offectiveness of that mission decrease accordingly.
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Since the time factor can be such an importsnt element when viewing s
vehicle mission, it would seem practicsl and cost effective to incorpo-
rate those features/components into the overall vehicle design peckage
which will help minimize the elapsed mission time.

Assuming that we have two identical uheeled vehicles, one with CTIS and

one without; in all probability the vehicle equipped with CTIS will func-
tion in a more effective mamner.

from the standpoint of megotiating adverse terrain the vehicle with CTIS
will adapt to s given situation (varyimg tire pressure levels) ian s
quicker, more organized menner than the vehicle without CTIS. A vehicle
with CTIS can bave the tire pressures sltered from within the vehicle cad
while on the move. A vehicle without CTIS must first be stopped and the
crow must physically exit the cadb and mamuslly inflate/deflate esasch vehi-
cle tire. Depending on the type of CTIS esployed the tire iaflation/de-
flation times msy vary but om the overall it takes comsidersbly longer
for a vehicle without CTIS to have tire pressures adjusted manually to
the sane pressure level of s vehicle utilizing CTIS.

Fig. 17 is s graphical display of the times recorded to inflate/deflate
the AM Genersl CTIS utilizing the Michelis 14.00 X 20 XS tires.

Since the tire size (volume) and mumber of tires om a vehicle (drive mode)
are directly related to inflation/deflation times, the sir compressor
capacity is a critical factor. Hence, the best ways of decresasing infls-
tion times is to increase the air compressor capacity and have it operat-
ing at optimum RPM. Likewise, the most logicsl means of decreasing tire
deflation times is to provide for larger air exhasust ports and associated
plumbing,

In s combat emvironment vehicle tires can be very vuilmersble. If a vehi.
cle employs CTIS the probability of completing missions in s timely man-
ner and increasing s vehicles survivability is enbanced. Depending on
the systea design various correctiweprocedures can be followed for a
pumctured or blown out tire. On some of the Soviet/Wersew Pact designs
the wheel which hes 2 leaking tire is isolsted from the oversll system
by closing of a valve within the cab. Most systems slso employ valves st
the vehicle wlivel which can be physicslly turmed off in the event of
puscture or leskage. Another ‘ could be to wtilize s larger size
sir compresser which could sccemsdate & considerabie amount of leakage.

The foll 48 the authors opision of some of the necessary general
charscteristics for an ides) CTIS.

8. I» onder to provide air pressure for both the vehicles air brakes
and CTIS an adequately sized air compressor should be fitted into the
dosign . Such a would sccoumt for imflating vehicle
tires from minimm to maximm in s relatively short timeframe
as well as providiag for am occasions]l leskage or blown out tire.
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b. The CTIS cab contols should iscerperste a straight forward and
sinple design and be comveniont for the vehicle driver te operste. Such
features as & range of postcions t0 place the tire pressure ceatrol lever,
depending on the terrain taasr 13 to be negetiated (i.e. mud, gravel,
paved highway, etc.) can help reduce driver comfusion end error and
enhance overall mission effectivensss.

¢. A well designed CT18 will incorporste s high degres of safety.
From the standpoint of adequate vehicle sir brake pressure, T valv-
ing should be fitted to the vehicle air tank system to sssurs t the

air brakes have priority over CTIS.

4. Docause of the sbvicus advamtages radial ply tirves have over biss
ply tires regerding wehicle ride, handling ¢ oversll perfommanee it
would seem legical to fit a vehicle utilising CTIS with radisl tives.
Pig. 18 illustrates the footprint sreas of both the stemdard ond
the newer Michelin XS tires at varying pressure levels.

‘CONPARISON OF TIRE GROUND CONTACT AREA
GOOUYVEAR 1100 ~ 30 NDCC. DUALS VE. MICHELIN 1600-R00 NS SINGLES

s 3 - 3 3
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SUMMARY § CONCLUSIONS

The modern day pneumatic tire is designed to fulfill a broad range of
requirements for numerous vehicle spplications. Due to the characteris-
tics of tire sidewall flexibility, vehicle designers are capable of
enploying CTIS on s vehicle to enhance its mobility and ride dynemics.
By deflating the tires om s vehicle, the tire sidewall flexibility fumc-

tions as s shock snd vibration damper for the vehicle over rough terrsin.

In offect, by using CTIS, the vehicle suspension system can be optimslly
tuned for a broad raage of terrain conditions. The installation and
prepor usage of CTIS can therefore optimize a vehicles oversll tractive-

dynamic performance, allowing s vehicles power perameters to be utilized
in the moet practical and cost effective mamner.

The author would 1ike to express sppreciation to the following organizs-
tion for the use of techmicsl informstion applicsble to this paper:

US Army Tank Autemotive Command

US Ammy Poreign Sciemce and Techmelogy Cemter
AN Geners! Corporatiom

Nevada Automotive Test Cemter
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3
‘ g RUBBER TRACKS FOR MACHINERY AND VEMICLES IN FORESTRY AND AGRICULTURE

PER IVAR MICKELSON, Technical Manager of Skega AB, Ersmark, Sweden

k_s"""‘.__‘.!.!

'xln agriculture and forestry it is important to increase mobility and
lower the ground pressure to avoid soil compaction and damages to
the ground. Rubber tracks have flexible sides which give 3 much more
lenient behaviour to the ground than steel tracks. A special track
system, the twin-bogie with rubber tracks, evems out obstacles and
increases the mobility on all types of surfaces. This system together
with a2 variation of vertically adjustable bogies has a big potential
in the military sector. A 1ight and thin rubber track reduces soil
compaction in agriculture and ts very useful in all ecologically
sensitive areas.f(

The experiences gained when developing fully moulded rubber tracks

(fig. 1) for the all-terrain vehicles BY and later on BV 206 (fig. 2)
are the base on which we rely when designing new tracks for different
purposes. It 1s necessary to cooperate with a manufacturer of vehicles
when designing tracks because the total track system must be looked upon
as a unit. The design then depends on working conditions and demands.

Always when the 301l is wet the farmers face problems with mobdbility on
the fields and at the same time the soil s most 11able to compaction.
The vehicles tend to become bigger and heavier which is contrary to
the demends on Yow ground pressure and reduction of soil compaction.
There is no question that soil compaction reduces yield, so rubber
tracks can be one solution to overcome the problem.

Also for forestry machines the demands are good mobility, low ground
pressure and environmenta) leniency. Particularly when thimning out
forests, 1t is essential to couse as little ¢ to the ground as
possible as well as to roots of trees which should be left.

Rubber has special properties and behaves quite differently from steel,
Rubber s flexidle and elastical and has the adbility to dampen forces.
To get & g:d result when using rubber, 811 properties have to be uti-
11z0d to their full extent. Different rubber compounds give different
properties why it is faportant to evaluate conditions under which
rubber has to work and use a compound meeting these demands. Isportent
properties for rubber used in tracks sre resistance to tearing, cwtting
and chipping and a high cut-through valee.
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When using rubber it is possible to design tracks with flextble sides
which will give a much more lenient behaviour to the ground than steel
tracks (fig. 3). These tracks have stiff and sharp sides and cut the
root system which mekes the sinking much deeper. Rubber tracks do not
cut the reinforcing mat of roots close to the surface and act like a

B suspension bridge. On very soft ground it could mean the difference

i between success and failure.

The design of rubber tracks must be made in close cooperation with the
design of the total track system. Total load and speed of the vehicle
as well as width, lTength and weight of the track together with tension
system and number of road wheels are the most important facters to
consider. A rubber track s reinforced to stand the tractiom forces
without elongation but also to give side stability. Together with a
suitable width to lemgth ratio and the arr t of wheels, the side
stability determines the degree of reliability ia performance and pre-
vention of track shedding. Height and shape of grousers depend on con-
ditions and type of terrain where the vehicle is to be used.

Together with a manufacturer of forestry machines, Kockums Industrier AB,
Stiderhamn, Sweden, & special track unit, the twin-bogie with rubber
tracks, s being developed. The system ;s deing tested on a vehicle for
transportation of logs, type forwarder (fig. 4). The twin-bogie consists
of a primary and a secondary hoziuivig.ﬂn vehicle special attributes.
The vehicle has afght tractive tracks. bogie system balances the
distribution of the weight of the vehicle and the surface pressure will
thus be Yower, particulerly in heavy terrain. The twin-bogle system
fmproves the rate of balance and the rate of swaying is reduced to a
fraction compared with that of a conventional vehicle. The driver
experiences this as very favourable and the obstacles as only one fourth
of their actusl height. The vehicle nnr& obstacles as high as the
diamster of the wheels and climbs over higher obstacles by means of the
secondary bogie flipping over (fig. 5). The wobility and mancevrability
on 2l types of surfaces, be in forest ground, block terrain, swamps or
on snow, are without comparison. It has alse been possible to comsider-
ably increase the rate of speed in haavy terrain.

A variation of this track unit is bogies commected to movable arms
which are vertically adjustadle by hydraulic cylinders (fig. 6). It
means that the clearance to the is adjustable and vehicle
can run horizontally in a side siope.

We think that the peteatial for both of these systems is much bfgger
in the mflitary than in the civiliam secter. "

The twi e system increases the price of course, but this will
be for by higher spesd in heavy terrain, no dowmntime
and cost for removing tracks when rumning om maf roads and all
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The tracks for the twin-bogie are rather short, 3500 mm, and rela-
tively wide, 580 mm. This eliminates the risk of track shedding.

The road wheels are standard pneumatic tyres which lower the price
and also give an increased flexibility to the system. The traction
force is transferred by friction only., Thanks to the rubber to rubber
contact it works perfectly even fn snow conditions. The track ¢s built
up by two heavy reinforced endless traction belts connected with
transversal “"grousers” or pads bolted to the belts. Inside the track
there are guiders to center the track to the wheels (fig. 7). The
pads are reinforced and designed to stand a high load in very rough
terrain and of course permit driving on general roads as all rubber
tracks do. The rubber s rather thick to prevent cut-through damages
and has a high resistance to tearing, cutting and chipping.

For agricultural purposes we expect tracks to reduce damages to the
ground but also to give a low ground pressure and thus reduce sofl
compaction. As the degree of soil compaction depends on specific
contact pressure, it 1s important to distribute the pressure under
the track as uniformly as possible, for instance by adjusting the
tensioning.

A thin and light track §s designed to suit in agriculture. It is
fully moulded with very low grousers and flexible stides., Twin mounted
pneumatic tyres are used and the short centre to centre distance
between the wheels makes it possible to use a Tow and relatively
weak steel bar. These cross bars are combined with the inside guiders
in the centre of the track (fig. 8). The width of the track is

450 mm and the length is 4500 mn. A test to findout the difference
between such a track and a wheel is carried out in cooperation with
NIAE, Silsoe, UK. The track unit is shown in fig 9. When writing this
paper no results are available.

We think that this type of tracks can be used also in forestry work,
when thinning out the forest, since the flexible sides will not

cause damages to the roots. f\o design of the track means low ground
pressure and the low grousers give only little damage to the ground.

Use of rubber tracks fs of course not restricted to forestry and
agriculture anly but will come to use wherever spectal demands are
made on mobility and envirenmenta) leniency.
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Fig. 1 Fully moulded rubber-track

Fig. 2 All-terratn vehicle BV 206 ’




Fig. 4 Twin-bogle system
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Fig. 5 The bogie is flipping over

Fig. 6 Vertically adjustable bogie
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Fig. 7 Rubber-track for twin-bogie

L3

Fig. 8 Light and thin rubber-track
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Fig. 9 Test unit

e e el

R




L

1201

ﬂ IMPROVEMENTS IN CRAWLER TRACTOR TRACTION
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KOJI.O0GAKI, YUKIO.TAMURA
KOMATSU LTD, HIRATSUKA, JAPAN

INTRODUCTION
-anrgo traction has to be produced at the undercarriage of
the bulldozers to overcome the horizontal resistance caused
by digging up and moving earth or ripping rocks,therefore,
improvement in traction is one of the most efficient
approaches to upgrade the performance of bulldoszers.

So far, sany theoretical and experimental works nave been
accoaplished and formulas have been introduced to predict
traction and slippage of a tractor under given soil
conditions.

If all the h theses which those formulas are based on

rightly explain| the actual phenomana, there would be no room

to improve the {raction except to change parameters appear-
ing in forlulnl?lTo improve the traction perforsance froa
another point of view, we have to find discrepancies in
these theories or modify the formsulas by adding new para-
meters.

By the vay, coefficient of traction, /A, may be expressed
as follows;

J

Abdbreviations are shown
schematioally in Pig.1t.
Among these paresamsters,
£ and # are deternined
by the average contact
pressure, baoktilt
moment, and 0 on, wvhieh
are independent of the

Pig.1.Porce soting to cravler

eraxler, IMM‘ is the foundamental paremeter relating
vith the intersetion between ground and erawler. To find

anothe, approach te improve this pcrnotor.M.. ve

ST,
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measured traction nerformance, vertical and tangential
force acting on a shoe, tilting angle between neighboring
two shoes, soil deformation and stress distribution beneath
the cravwler to find another approach to iaprove traction.
Obtained data are examined closely with the result that
tilting motion of shoes and dynamic load on shoes reduce
traction considerably.

Based on this conclusion, the new cravler has been
developed which prevents shoes tilting and reduces dynamic
load acting on shoes which are unfavorable for traction.
Also traction performance of the new crawler is compared
with that of conventional crawler. It is concluded that this
new crawler improves the traction considerably and also
reduces travelling resiatance and vibrations.

PHENOMENA UNFAVORABLE FOR TRACTION
1. ON SOFT GROUND waf
Fig.2 shows experimen- Sl I
tal results of normal "»"-" :hh:;'i'tdgl’::;

and tangential ground
force acting on a single
grouser shoe of a trac-
tor pulling constant

load on soft loanm.

These forces are devided

by projected area of a

shoe providing normal

and tangential stress
respectively.

The sorsal stress
fluctuates a little but -
tends to increases
linearly as the trask
frame travels. On the
other hand, tangential
stress fluotuates very
such. The high stress

i Sppears at half o shee  rig.2.Normsl and tangential stress
' pitch backvard of a at various track frame position

o
®

[
2

lem! Normal. stress  okgt/em?
[- 4
>
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t g
!.
4
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track roller and low at half a shoe pitch in front of a
track roller. It is generally obaerved that the fluctuation
of tangential stress decresses,but average stress inoreases
as the traction increasea., Tangential stress is calculated
from seasured normal stress, shear properties of soil
obtained by ring shear test, and horisontal deformation of
soil at surface estimated from measured travel reduction.

The result is compared Shoe Width % cm
vith the measured tan- %D'”ﬂuh 13.0cm
gential stress in PFig.3. ’hu l

S

The meximum stress i
neasured is similar .G‘
with the calculated but %

aininum stress measured E"

is lower than calculs- '

ted stress. This sug- }“ Medoured: &

gests the existence of o

unfavorable phenomena sttt d-n— 1w
idler Roller Sprochet

for traction, i _
As the track roller £ . Mg Cakcwiated baspd o8 &
traverses on the link | o 2, :.,.

surface, the vertical el > .‘rk
load deflects the track

links from the horisom-
tal around each pin b 208 L-g00 "
Joint. Pig.4 shows the a2
experisental results of ue.s ’
tilting angle between Pig.3.Comparison between seasured
neighboring two shoes. &nd calculated tangential stress

o Ba

e isy! e 00yt

shee
g “wn i=em

Pig.4.Neasured tilt angle ea leas




The tendency of the measured
tilt angle agrees well with
that of tangential stress so
that disagreement between mea-
sured and calculated tangential
stress is deduced to be caused

by this deflection or tilting Kick M«amk backward
motion of shoes. Fig.5.Fluctuation of shoe
As shovnin Fig.5, as a track 1ipk

roller travels closer to a pin,
a front shoe tilts baczk and

kick the soil forward, converse-
ly., when thia roller ;nnsas
through that shoe, this shoe
kicks the ground backward. A Distorted
close observation of s pinjoint area

and neighboring two shoes shows pig 6.Deformation of soil
that » front shoe kicks the 801l pheneath cravler

forwvard and a rear shoe kicks

backward when & track roller ie

on that pin joint. As this rol-
ler travels onto the next pin, g b
shoes tilt reversely. -

Let this kicking velocity be v, é »

vith respect to joiat pin. This
pin moves at V with respect to O Sheariength s
track frame. Also the tractor  pig.7.Shear properties of
itself travels at v in fixed ground soil

cordinates. Therefore, & shoe

kicks 8011 forward at Vov-w or backward at V.viv,in fixed
cordinates. On the other hand, the deforsation of white
powder put into the vertical hole in test ‘track, as the
tractor travels is measured as shown in Fig.6. At the die-
torted region, these lines deformed to de 1!‘&33.6 but at-:

reight and parsllel. This indicates that woil im this region
moves backward uniforaly at u, murm A shde kicking soil
forvard soves beckward with respeoct to 3041 beneath the shoe
at V-veyeu. Whenever this veloocity V-v-yu bacomes negative,

s shoe kisk soil forward, hence, as shown Fig.7, shear




T PN

stress condition changes from A to B,

At lov travel reduction ( low V-v ), negative velocity at
the tip of the shoe may become large enough to cause nega-
tive tangential stress at a moment. Next instance this shoe
kicks the soil backward, thus recovers positive stress. The
tendency of Fig.3 may be explained as described above. From
these reasons, it is concluded that tilting motion of shoes
around pin joint reduces traction of the conventional
cravler.

2, ON RARD GROUND

Measured norsal and tangential ground force acting on a
shoe of a tractor pulling zonstant load on concrete ground
are shown in Fig.8, Dotted line indicates calculated tan-
gential stress for comparison. It is observed that inter-
sittent spike-1ike normal stress acts on the shoe, thus
the tangential stress in phsse. Calculated tangential
stress is much lover than the measured. From this reason,

‘it 4% infered that there would be some phenomena unfavora-

ble for traction. ‘N

o;[:lh

'..! shes p .n‘a.:-

Normal stress ¢ igt/em:

SRS T 1gt/ems

Fig.8.8treas distribution of erevier ruaning oa concrete
road
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Suppose & shoe is pulled horisontally b L
with constant norsal load, resultant ~ 2
tangential stress would be as shown in
rig.9 ( & ). On the other hand, tangen-

tial stress will be as shown in Fig.9
( b ) under cyclic normal load. There-
fore, cyclic normal stress reduces L
average tangential force by shaded
area in Fig.9( b ). AT low travel
reduction, the slip length during a
touch-and-leave cycle of shoes to
ground becomes short, consequently,
larger reduction of traction takes
place. This way, intermittent spike-

S
(13
Fig.9.Relationship
among normal, tan-
gential stress and
deformation of a
shoe

like normal stress reduces integrated
tangential stress or traction. The
sharp fluctuation of normal stiress
occures with rollers position as shown
in P1g.10,

PRINCIPLE OF THE NEW CRAWLER
The basic principle of the %
nevw crawler is shown sche-

satically in PFig.11. And 1 t

picture 12 is a photographic

view of the tractor equipped Fig.10.Ground force with
with the nev crawler. A track varjous roller positions
rail attached to the treck frame rolles over aultirollers

scunted on each track pin joint. The teeth of sprockets

'ﬂwppfrlnc
idler Trach rall. Idler.cushion Upper nall

s .;_.?f___“ : o "f
\ 253

* evn— v ag——
Ve

Roller shoe  Link Pin

»

Pig.11.8chematioc viav of nev cravler
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neet with those rol-
lers. When a shoe
contacts with ground,
rollers on two neigh-
boring pin joints are
pushed against the
track rail so that
the tilting motion of
shoes is restrained.

Measured tilting Fig.12.Photographic view of the
angle of shoes of the tractor equiped with the new craw-
new crawler is shown ler

-‘l
in Fig.13. Since track @

frame is supported by Sprocket
only two shoes on hard “ '!‘
ground surface, track

frame does not jolt - rem
except when a ground -2

contacting shoe is
placed on a higher spot
or the center of the gravity of vehicle passes through
supporting shoe, Hence, less fluctuation of normal stress
acting on shoes is anticipated. Measured normal stress

Fig.13.Tilt angle of new crawler

acting on a shoe of Lo

the nev crawler shown l-.-[rﬂ

in Fig.14 supports Rh

this prineiple. Also J 2N % Shoe widthstes
Shoe pitch 17.5em

less travelling resis- .

tance and dynamic load }
enable us to expect ;
dependability of com- “'
ponents of the new .
cravler. ° .

L) {0 Tem

Fig.14.Norsal stress of mev oravler
on conorete B
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TRACTION PERFORMANCE OF THE MEW CRAWLER

The traction performance of the conventional and the new

eravlier are compared in Pig.15 and specification of the

tractor used is in Tadble 1. On both soft and hard ground,

the new arevler improves traction especially at low travel ;
reduction. I

) {
Table.1.Specification of tractor =L ’ f

w
LMEHAMNAREMNEAR
Alw] s Jus]—lep {6 v | 26 [0 [ ®
io«umu.o-—v NEREETEDE
Clame| e |33 ]—[MFliw]| 2 |2o|n|w
ojsm] e [us[nifol[@ | — | 20 | s | % !
[ 34 semen =)

. ,.5----. =

‘ - - w ¢ - -an
stip rotie 4 ¢ .;5::3:‘! “w e
{o) On concrets. : :

{b) On reck

Yig.15.Traction perforsance of nav crevler
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Fig.17.Noise level

OTHER ATTRACTIONS OF THE NEW CRAWLER

The vibration and noise at the operater’s seat of the
nev cravler is measured and compared with that of con-
ventional cravler in Pig.16 and 17 respectively. It is
also confirmed that the new cravler reduces the vibration
and noise considerably.
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CONCLUSION

Authers improve the traction performance of tractor by
‘ eliminating unfavorable phenomena for traction fromcrawler.
E The nev cravler also reduces dynamic load, hence,is depend-
¥ able, And on the process of this research,unfavorable
phenomena of crawler are clarified. By taking those facters
into account,the prediction of traction and slipping under
given soil condition {s ocarried out with such better
accuracy. This will be reported on another opportunity.
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NOISE REDUCTION IN THE TERRAIN-VEHICLE T 11

V. TANDARA, DR.-ING.
TECHNICAL CONSULT AND BXPERT, D-1000 EBFRLIN 19, POSTPACH 1323

1. Introduction

Noise has negative effects on the human organismg, i.e. it
reduces the capsbility for work. Perasanent exposure to
traffic noise can probably increase the cardiovascular risk
’1/.
\
here is an increasing tendency of tightened up legal pres-
criptions for noise reduction in order to improve the stes-
dily deteriorsting quslity of life. Vehicles are the most
iaportant noise sources in the street traffic. To Secresse
their influence, lower limiting vaslues for the external noise
0f vehicles are aimed at. In the second half of the eighties
the external noise of utility cars in Turope will be limited
to 80 dB(A). These limits are low and will not without
difficulties be achieved in all motor-vehicles, especial
not in utility cers (lorries and buees, but terrain-vehicles
88 well). This is not only a result of the situation in the
driving aggrecate, the coambustion engine, but in other direct
and indirect noise sources too.

In the vehicle the driver and the passengers sre subject to
noise, that is why efforts are asde to achieve the lowest
possible vslues of inner noise. At the moment, only laws
exist which limit the level of noise at the place of work,
that is the driver's sest.

2. Description of the terrain-vehicle T 11

The terrein-vehicle T 11 has three sxles and is designed for
the transport of people sand different materials up to sn
oversll tonnege of 5000 kg. The fully losded vehicle can
essily move on regular streets snd heavy ground. The

csn be soft, swampy, snowsd up or sandy. Jor this reason the
T 11 has » pneumatics with which the tyre pressure cam de
chanced between 0,7 and 3,5 bar in a very short time. The
front and resr tyres are of the ssme type.

The T 11 works at an outaide teapersture from 243 K to 313 K.
It can move through water with s depsh of ons setre. T™he
naxisum 8 of the terrain-vehicle T 11 {a 92 ka/h o2 the
-croo:é cen haul & trailer up to sm oversll weight of

The driviag sgereqste of the vehicle is the sixecviimsder,
four-stroke, air-cooled V-Piesel e.gine F 6L 413 V with
direct injection.

Th;‘::gtll output is trensmissed hz.f :tz.:iagla-plcto elutel,
H goST synchromesh Sresseissi , " opont 1 ¢
box few en~the-3eed lllucaili-OOI!&I; war, carden .abafis end

e ————RREN
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final drives.

The chassis congists of two U'-side-rails which are connected
withlicrossbesms. All three sxles are connected with the chassis
by leaf springs, rudbber bufflers and nvdrsulic shock absorbers.

Thevy arant, together with the elastic chassis, a good sdapte-

tion of the vehicle on any ground.
: The vehicle has s hvdropneumatic two-circuit brake, & hand-
4 brake, snd an engine brake. i
' The terrain-vehicle ie equipped with a hvdro-servo-steering. i
There is sn open and & closed type of the vehicle cabin. The

latform has a canvas cover. A closed superstructure nay be

nastalled inetead of the platform.

The most important date of the terrein-vehicle sre given in
Table 1. {

Table 1: Technical data of the terrain-vehicle T 11

Nenotation Dimension }

overall length ma ~ 606C !

overall width a2 ~ 2270

overall hight (unladen) am ~ 2470

effective leangth of the

platfora mm ~ 4420

effective width of the

platfora s ~ 2120 i

pavload on the ground kg 3000 4
on the road kg 5000 §

nusber of gears 5

electric equipment v 24

tvres 12.00-18 PR 10

The technical data of the Diesel engine F 61 413 V are given
in Table 2.

Table 2: Technical data of the air-cooled, six-cylinder V-
— . Diesel engine P 61 413 ¥

Denotation Dimension
sutomotive rating to DIW 70020 xw 110.2
at a engine sgpeed of 1/ain 2650
number of cylinders 6
displacement ca’ 8482 :
cvlinder bore s 120 !
gtroke aa 125 }
sax. engine speed st idle
running 1/min 2830 :
nax. torque 1) 491 :
st s engine speed of 1/ain 1400 [
sverage effective pressure bar 5.89 ,
compression 18 !
meen piston speed n/s 11.04 ‘
lengt na 990
width ae 1180
hight ns 935

This engine is not only installed es s driving sggregate in
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the terrain-vehicle ™ 11, but in buses sn3d lorries us well.
Additionally it is used with reduced encine speed as an
arereaate motor.

3. Joise sources of the terrain-venicle 7 i1

The mos% invortasnt noise sources of the terrain-vehicle are:
- the driving acaregate

the transaission

the rolling noise of tvres

the vehicle bodv

the noise of air on the surfaces of the vehicle and

in the ports.

3.1 Noise sources of the driving sgerecate

Tn & driving aggresate, here a Diesel engine, are:
- inner a
- external noise sources.
“he most inoportant inner noise sources sre:
- the combustion
- strokes of the piston
- the motor control
- the driving wheels etc.

The external noise sources are:
- the suction svstem
the exhsust zas conduct
the cooling fan
the motor surface
the motor brake
the auxilisry azgregates etc.

Althoush a number of noise sources are mentioned, their in-
fluence on the noise level of the engine will differ. One or
another noise source can be more prominent. Then a higher
expense of labour will be necessary to reduce its influence.
This leads to the comnclusion that there can be no universal
solution which would have the same results in all combustion
engines. As an exsample a comparison between a suction engine
and an engine with a precombustion or turbulence chamber aight
serve. The coambustion pressures in the engines are different
and so the influemce of the cosbustion pressure will be
different. The different comdbustion pressures inevitably cause
different intensities of the strokes of the piston in the
working cvlinder /2/.

3.2 Trensaission

The trensaission is an iaportant pert of the terrsin-vehicle
T 11. It consists of a mechanic synchromesh cear, a transfer
box, carden shafts and the final drives which are instslled
over the oversall length of the vehicle. In all these perts
different cogwheels and dearings ere noise sources. Siallar
to cozbustion engines, the noise level of & zesr depends on
the speed, the perfermesnce, the production snd the accurscy
of msnufecture /3.,4,5%/. Then this holds true for the trsnsfer
box as well. The {nrlu.nco of the transaission is stroaser,
when the extermal noise of the terrsin-vehicle is dDelow 8?
4dB(A) and the inner noise delow 80 4B(A). The influence ©
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the gear and the transfer box can be direct or indirect. It
is direct, if they thenselves are noise sources ss a result
of high strain, indirect, if by the chosen gesr the driving
scgaregate runs st propititious or nonpropititious speed.

3.3 Rolling noise of tvres

The rolling noise of tyres is made by the tyres and depends
on the speed of the vehicle. In the terrain-vehicle T 11 it
is csused by eix big tyres with coarse tyretread and e large
plane of contact on the rosd. In this connection one has to
take into consideration the influences of the quality of
pavement snd the direct surroundings of the road.

3.4 Vehicle body

The lower part of the driver's csbin and the platform are ae-
de of sheet-gteel. The cabin roof consists either of plastics
parts or of s canvas cover. If the weather-conditions make it
necessary, the platform as well can be covered with s canvas
cover. Although the whole structure of the terrain-vehicle is
sturdy, it could not be avoided that, especially on uneven
ground, uncomfortable noise appears. This is considerably
increased by the construction of such a type of vehicle.

3.5 Noise on the surfaces of the terrain-vehicle

One must not ignore the noise which appears on the surfaces of
the terrain-~vehicle and in the ports for the cooling of the
engine. This plays sn important role, because terrain-vehicles
arﬁenerany built nonpropititions to air streams. Many
salient corners of the vehicle body and even the canvas cover
become unpleasantinoise sources at higher travelling speed or
strong stresmings of air. Generally, evervthing that has nega-
tive results on the value of resistance of the terrain-vehicle
is 2 potentisl noise source.

4. Possibilities of noise reduction of the driving engine

For a long time combustion engines as driving aggregates had
been regarded as the most iaportant noise sources of motor
vehicles. This was less because their noise level could not
be reduced, but because the existing limiting values admitted
such s high ncise level of engines. This situation might be
cospared with the problem of the emission of pollutents in
the exhsust gas or the high fuel consumption of combustion
e:ginos. ‘Then it became necessary, the emission of pollutants
and the fuel consumption of engines have been remarkably re-
duced. Thia is siailar to the noise reduction. Because of
high nondeductible costs this improvement in quality could not
be carried out earilier.

! necessary noise reduction of the driving engine in the
terrain-vehicle can be achieved by & noise reduction of single
inner end externsl noise sources of the engine /6,7/, as well
8s by its complets encasing /8,9/. A complete encasing of the
engine csn only diminish the influences of the inner noise
sources of the combustion enzine, of its surfece, and of the
suxilisry egaregstes. The influences of the externsl noise
sources have to be solved additionally.

W
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4,7 Ianer noise sources of Lhe coabustion ensine

4,1.1 Tombustion

Twery combustion in a recinrocsting envgine is accoupanied by
8 sudden increase of pressure that leads to a formation of
primary ¢as powers. These powers act on the cvlinder waell end
the cylinder head. Their intensity increases the higher and
steeper the increase of pressure is. For instance, in a one-
cvlinder Niesel enzine an intensity of combustion up to 90ti-
mes of the acceleration due to aravity was registred on the
cvlinder wall /2/.

4.1.2 Strokes of the piston v

S R~ SORRRY

Resides the primary rfas powers, secondary powers owing to the ¢
effect of interia of moving parts of the driving spparatus :
lead to strokes of the piston on the cvlinder wsll. They are

caused by piston slapping as 3 result of the piston clearance

and desaxation. The intensity of the strokes of the piston

denends mainly, besides on the forces due to mass, on the

connecting rod proportion, the piston clearsnce, the piston

length, the lucibrating fila on the cvlinder wall, and last

hut not least on the bearing clesrsnce of the connecting rod

on the piston axle end and the piston wrist. A detsiled in-
terpretation of these conditions is given in the study /2/.

4.7.3 Vlotor control

Perts of the control system of the combustion engine sre:
- the cam shaft

the tapoets

the push rod

the valve rockers

the inlet and outlet valves with sprines and

the driving cogwheel on the cemshaft.

The important noise sources are the inlet and outlet valves
and the driving cogwheel of the camshaft. The valves steadily
sove to and fro snd thereby strike metal surfaces. The inten-
sity of the strokes depends on the lifting speed of the valves,
the engine speed, and the length of the way the valves have
to go. It is highly important that the control mechanism is
well synchronized and any resonance on the vslve stem wuide
is prevented. Here one mainly thinks about the spring where
an ageing of the sovring material can lead to an alteration of
the characteristic curve of the spring. There sre exanples
known where a reduction of the critical eneed of 8% snd great
damages in enkines were the result of the slteration of the
charscteristic curve of the spring /10/.

4.1.4 Nnriving cogwheels

The driving cogwheels of the crankshaft and of the suxiliarv
sgeregates can be important noise sources. The camshaft and
the oil-pump are driven by the cogwheel of the crankshaft.
The noise of the cozwheels is caused by the influence of the
variable forces, therefore, even with the highest accuracy of
msnufscture, certsin sounds csnnot be elizinsted. It appesrs
under the influence of the radisl force P, which effects the
teeth of the cogwheels, the bearings end gv thea the engine
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crankcase., Az soon B8 the force changes, vibrstions of the
crankcase walls emerse and these are radisted by the outer
surface. HYigh strain lesds to unavoidable deformations of the
crankcase, the bearings, the crsnkshaft and the camsheft etc.
and these sre very important for the noise of cogwheels. The
defornations lead to faults of meshing of the cogwheels.

The bending vibrations sand rotary oscillations of the crank-
shaft can be high and cause, as it was the case in one type

of engine, damages of the driving cogwheels, the crankshaft,
and the oil-puamp /11/. These vibrations had been the result

of 8 lower stiffness of the crankshaft, its bearings and the
crankcase.

One should only work on the inner noise sources of the driving
endine, when sll opportunities on the external noise sources
argexhausted or when further development or new construction
work of the engine is done. This i8 less the case because such
work is difficult, but because of the high expense of time and
costs in the following realization in series. Study /12/ re-
ports extensive alterations of an engine which caused a noise
reduction of the pesssing vehicle to values of 83-85 dB(A).
Since work on the external noise sources was done simulta-
neously, it cannot with certainty be said which improvement
can be traced back to the reduction of the inner noise sources.
It is supposed that the changes made on the engine had the
effect of a noise reduction of 3,5 ~ & 4AR(A).

5. External noise sources

5.1 Suction and exhsust systeas

The noise of the suction and exhaust svstems springs from the
working medium exchange and is regarded as a result of the
combugtion of the gas-gir mixture and of the streazi pulsa-
tions. The latter are caused by the periodical work of the
svstems for the supply with air snd the carrying off of the
combustion gases. The pulsating stream is, becsuse of the fle-~
xible medium, alwavs connected with a sound wave. It spresds
in the pipe avgtem of the exhaust as an overpressure wave and
in the suction svstem as a low pressure wave with a level wa-
ve front and in free air in the first approximation as & ball
wave.,

The suction and exhaust noise is reduced by sound absorbers.
In most cases higher attention is paid to the exhaust auffler.
Most likely this is done because of the higher sound pressure
in the exhaust svstem. "“ut the noise of the suction system of
installed engines can, in spite of its lower sound pressure,
influence the inner noise of vehicles very badly. This meinly
devends on the lsyout and the fitting of the suction system.
The negative influence of the suction systea especially in the
region of low frequency (st low engine speed) as soundpressu-
re weves which csuse sn unpleasant feeling in the passengers.

€.2 The cooling fen

The cooling fan is installed to cool the engine. It msy bdeco-
me sn imaportant noise source, especially if little attention
in its desicgn has been paid to the stream conditions in it or

in the inlet and outlet. Such s situstion can srise, if the
lsvout speed of the fsn proves insdequote snd has to be in-

-
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¢reased bv p new gear rstio. “very increase of the nuambers of
revolutions sinultsneouslv means sn incresse of the circumfe-
rential speed of the fan bladee. The stresm conditions in the
inlet snd the outlet and those in the fen change. Xv an alte-
ration of these conditions the noise of the fan increases %00.
The noise or the freauency spectruam can be influenced, besides
by construction alterations of tne fan snd the blades, by sl-
tering the number of blades or their arranzement.

5.3 The motor surface

The noise on the mnotor surface hes its origin in the inner
noisesources of the engine. The influence of the motor surface
on the noise depends considerably on its conception, its de-~
sign, and its properties of material.

Cn the bagis of many experizents on vehicles and engines as
well as the achieved noise reduction in vehicles and enzines
/3,6,7,9/ could be recognized that the influence of the sur-
face had not been that imvortant. The external noise level of

these vehicles according to ISC® was nevertheless about 80 4R(4).

5.4 Auxiliary agarezates

Among the auxiliarv sagrecates, the coanpressor has to be aen-
tioned above all. The noise of it is csused by the control
elements and might be coapared with the noise of the suction
and exhaust avstems. This noise especially appears at low
engine speed and can increase the total noise of the engine
considersbly. The switchings on and off are especially disad-
vantaegeous, they can lead to resonances in the case of badly
harmonized conditions at the chassis and the car body.

6. narried out tests

As long as there had been high limiting values of the external
noise of vehicles, it was possible to ignore some noise sour-
ces because the level of other noise sources was very high.
The situstion is changed in vehicles in which the external
noise has been reduced. The influence of the overloud noise
sources of the driving engine has been eliminated in those
vehicles, thus an additional noise reduction of the vehicles
could only be achieved by working on other rnoise sources. The
aim of sll efforts was to schieve external noise values of

80 dRn(A), & value which will be in force for utility cars in
Surope ir. the second half of the eiganties.

“hat S0 dB(A) mean csn be seen by the fact that if there were
only four most important noise sources of a vehicle none must
have a highar noise level than 74 dR(A). After sll, two noise
sources of the same intensity cause sn increase of noise of

3 AB(A). Supposing thst the driving engine P 6L 413 V had on-
ly eight noise sources, none of thea aust have s higher noise
level than 71 4B(2), 1if the noise level should be liaited to
80 dR(A). If there sre 16 different noise sources, which 1is
more probable, the noise level must not de higher than 68
dB(A). At a lower noise level of the engine, the level of the
different noise sources hss to be lower in proportion.

Proa the number of noise sources can be seen that below a
certain noise level iaorovements of single noise sources are

hardly recognizable. This makes noise reduction very difficult.

vt
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Additionallv, other noise sources have to be taken into consi~
derstion. These are above all:

- the engine cooling

- tolerances of measureaent.

In connection with the engine cooling one thinks of the fun
of the encine. Its speed does not only depend on the tempera-
ture of the engine, resvectivelv the o0il teaperature, but on
the outside temperature as well. The mass of sir and not the
volume of sir is decisive for the cooling of the engine. That
means thet according to the outside temperature, s rvmarkable
difference may be in the necessary volume of air, i.e. the fan
speed. In the case of the tested engine, special working con-
ditions ( 303 K outside teaperature) mske additional S8% vo-
lume of air necessary, coapared with the outside temperature
of 273 K. But a larger quantity of air does not only mean a
higher speed of the fan, but a higher velocity of flow too.
Higher velocities of flow, not only inside the fsn but on the
cooling surfaces of the engine ss well, are accompanied by
higher losses of pressure in the cooling systea. The varying
working conditions necessarily influence not only the noise
level of the engine but the fan performsnce too.

In connection with the tolersnces of measurement one thinks
not only about the tolerances which are a result of the accu-
recy of manufacture of the neasuring instruments, but msinly
about the influences of the outside and engine temperature
which can cause different fan speed at the sane engine speed.
Thus certain differences of the noise level of the engine can
appear.

7. Extent of made slterstions

Before it was possible to make noise reduction, necessary
extended mesasurements had to be carried out on the terrain-
vehicle T11. The influences of different noise sources could
be estimated by an anslysis of the results of messurement snd
the possibilities of their reduction could be discussed. Befo-
re one thinks about extended alterations, it is advisadble to
analyse in how far s noise reduction of s vehicle or a driving
engine may be achieved by simplest asans.

After thorough consideration we came to the conclusion that
firstly work should de done on the driving engine, i.e. on its
external noise sources. This is especially so, because with
the same type of engine, but with changed charscteristic va-
lues, results could be schieved in other wvehicles /6,7/.
By working on the suction and exhasust systems of the engine,
its cooling, o' the engine com sent etc., but without en-
casing the en;.ne, the external noise of the ?"' vehicle
could dbe reduced to vslues eccording to 180 o an(A)

and the imner noise to values of 70-75 dR(A) in coaches, buses
end suburban traffic buses. These slterations can be realised
in series very quickly and without auch effort. ‘

There were the following poseibilities on the terrsin-wvehicle

T
‘ - the reduction of the influences of the exhaust svatea
- the reduction of she inflwsnces of the suction systea

~ alterstions of the engine compartment
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- alterations of the tiltable cabin

- the reduction of the influences of the cooling fan

- the reduction of the direct and indirect influences
of the driving engine on other parts of the vehicle
(resonsnces etc.).

A reduction of the influences of the exhaust svstem is possib-
le between the exhaust collectore and the end of the exhaust
gas pipe. Yuch can be achieved bi the installation of a more
effective exhaust nuffler. 3ut the loss of pressure in the
svstem nust not be higher than the allowed values, because
this would cause, azmong other things, a reduction of the engi
output. The influence of the exhaust system on the measured
noise level of the vehicle was not so inportant, because the
noise level of other noise sources was higher.

.

The suction system meinly influences the inner noise level,
because it is installed below the tiltable cabin. It consists
of two suction collectors, two air filters snd the necessary
pipes. Because originally no suction sound absorber had been
planned, by a reconstruction of the suction system which now
has a digger air filter, a suction sound absorber and an
aporopriate layout of pipes, positive results could not only
be achieved concerning a noise reduction but concerning the
engine output and the increase of the moment of rotation
(torque) of 3-5% too M3/.

Only saaller slterations have been ssde in the engine compart-
gent. Por instance, aprons with absordtion msterial were in-
stalled at the sides of the engine, and the opening on the
back-wall of the tiltable cabin was slightly diainished.

8. Results of measurement

In the tests » terrain-vehicle T 11 with s cabin roof of
pflastics parts and without a platform was used. The inner and
external noise of the vehicle was measured before and after
alterations had been made.

The neasurements of the inner noise in the vehicle cabin were
taken according to DIN 45639 and of the external noise accor-
ding to I80. The different measured velues were gut iato a
diagras and connected with another. In almost all diagreaas
the asssured values of the original condition end the finsl
condition are given. The original condition is the terrain-
vehicle with a cabin roof of canvas gover, the interia and
final condition mesn the tested vehidle -ith a cabin roof of
plastics parts.

9. laper goise

The level of the inner noise in the vehicle cadin was measured
in the stand and aoving vehicle on the driver's seat and
sbove the éri sngine. In the standing vehicle the msagures
were taken in relation to the engine speed, in she moving ve-
hicle ia relasion %o the vehicle speed and to the gear.

5§l§§¥=3§ gives the measured velues in the standing terrain-
11 on the driver's seat in relstion to the
speed. In sl1 pheses en alaost linear rise of the noise level

s
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can be observed at incressing engine speed. A deviation hap-
gou in the final condition st an engine speed bdetween 2400~
500/ain, which is & result of resonances. An iaproveaent
between 5.5-9.5 dB(A) can be stated in the whole range of
ongine speed. At the maxisua engine speed of 2830/ain the
noise level has been reduced froa 87 4B(A) to 78,5 dB(A) and
at idle running at 600/min from €9 d3%(a) to 60,5 dB(A). Siai-
lsr results were observed in the cabin sbove the driving
engine, Pi 1b. In comparison with the results on the
driver's seat, re 8 greater iaproveaent could be achieved
than it had been in the interim condition.

ris\!aa 28 gives the noise level in the driving terrain-vehicle
on Tiver's sest. The noise level of the vehicle aoving
by engine drive was messured in the fifth gesr. Yor the sake
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of compariscn, the noise level of the driving enyine at the
corrosgondlng vehicle speed is ziven. The linear rise of the
noise level with increesing vehicle speed, i.e. increasing
engine ageed, is here evident too. At all vehicle speeds a
remarkable noise reduction between w-9 dB(A) hss been schie-
ved. At a vehicle speed of 40 ka/h the noise level could dbe
reduced from 77 d3(A) to 72 dB(A), at 92 km/h from 89,5 dB(A)
to 79,5 dB(A). In all driving ranges the noise level of the
engine was gbout 2-4,5 drR(A) less than that of the vehicle.
The noise of the engine was only 1-1,5 4B(A) higher than that
of the vehicle without enaine.

Therefore can be seen that the increased noise of the vehicle
is not only & result of the driving eagine but of other in-
fluences as well. These influences were at least as strong as
that of the driving encine. Siailar results were measured
above the engine, Figure 2b. The noise level of the vehicle
has been reduced in Eﬁo whole driving range about 6-8 dB(A).
The noise of the engine was about 3-5 dB(A) less than the
noise of the vehicle and is almost the ssme than that of the
vehicle without engine. This once more underlines the influen-
ce of other noise sources on the inner noise of a vehicle.

Figures 2; and ;9 give the inner noise in the cabdin of the
Toving venicleé In the different gears at maximum engine speed.
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Fig.3aNoise of terrain vehicle ™ Fig 3n:Neise of terrain vehicle
in @stion, driving sest T11 in metion,above esngine
LILILIY - engine speséd 3030/mia LILILIY - cogine sposd I B30min

In the first, second, third and fourth gear sn engine speed
of 2830/min was resched, in the fifth gear 2500/2in in the
interia condition snd 2%65/2in in the final condition. In the
first four gears the measured noise level is the ssme as the
noise level of the engine. On the other hand, in the fifth
gear tke noise of the engine was sbout 2-2.5 dB(Az lesgs, thus
the higher noise level in the vehicle can be attributed to
other influences. Here the rollinz noise of tyres and the
trensmiseion mainly come to the uind. In the first four geers
the influence of the rolling noise of tyres could not be
imvortant because of low vehicle sceed.

The noise level in the whole driviae ranse was 9=10 4dB(A) less
than in the origin'l condition.

10. Externsl noise
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The external noise was smessured on the stending vehicle. It
was done et @ distence of 7a and in relstion to the engine
speed. The distridbution of measuring points is given in

Pigure 4.

Pigure Ss snd ?b zive the measured va- R @ /®
¥ ues o originsl, the interim and

' the final condition. The original and ®-{H

: the interim condition were measured
at & maximum eangine speed 2830/azin,

) £ L] , and the final condition

8t eagine speeds of 2500/ain and
2830/min, m At the zaximua
engine spe ise level of the
vehicle has been reduced about 1,5-6
dB(A). The 7treatest reduction could
be messured in the front region, that

fig. & : Messuring peints the

is near the installed engine. Thers ’ t
the higheat values of 82 AB(A) were :i.ﬂ.:::o ::“1'. ot e
asasured.

A reduction of the engine speed to 2500/min would lesd to an
additionsl noise reduction adout 2-3 4R(A). The influence of .
the engine speed on the noi- g
se level of the standing ve-
!611::: is given in Pi )

z. The mea ues
were n on the sessuring ’
points 3 and 11, that is oa } ,

the drivi:t engine, Pi :
4., Proa this it can seen j

) that an slmost 11lel O O

B shift of the noise values

| Baremived 13 she whole , '

: 8 resu n ] Fig. Sa: Neoisa of staticnary terrain-vahicl

; ”1 nge :t ;opooat %I::%:\)n Ve~ ' TH o distence of 1:. 1".0 cle

{ ues of abou were e, 0- engine 2 Ymin

? aessured st the asximus en- noine speed 200

eine speed.

Thereas in s standing vehic-

le direct and indi- : -

rect influences of the “i - -

ne are messured, there will ! ) '

be other influences of a

pesa vehicle. In connec~- . .

tion with the iadirect in- - -

fluances one meinly thinks

~ about the various resonan- .

ces which are a result of .. s

the enginme performance. The ) " - .
Ng. &:n te of statienar :“;gn vobicte

SRR

sessuremeats of the pessing 150 distence of
terrein-vehicle were taken a-engine Spied 2900 Ve
acoording to 180 st a dis- . beenginw spesd 008 Wale

3 tance of 7,% from the rell
axis of the vehicle.

ch the external noise of ‘the terrain-vehicle wi

engine 4drive in relssien %o the wehiiecle wpesed(oricx.
condision). The noise of tShe vehiele wishout ine was spesur.
e with the engine switched off and moving, nots Srens-
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aission which was driven by the wheels. The noise level of

the terrain-vehicle without engine drive was higher than the
noise of the combustion ongiu (final condition). At a vehicle
speed up to 60 km/h the difference was 3,5-4,5 dB(4) and e-
bove 60 km/h 5-6,5 dB(A). At the mssximua nhielo speed of 88
ka/h a noise hnl of 82,5
GB(A) wes measured.

be concluded thet the 1nfl — ‘
cone that . influ- ,
ence of the driving engine ol VR et pect—votors

was not very high and cer-
tainly other influences have - A A
to be considered. Here the 7 )
rolling noise of tyres and ' - g
the transaission have to be
asntioned. ‘
The influence or the tresns- o B Y
aission is heightened becau- . Shicte o =
se of the open design of the
hvz%ca.lze is Omu:lg il

over ['] o L it S
onuno -m ud under h sb Bl

results sre as W - z,. e
nnomumnum-

saterssl oseise

ments of the external naoise Fig. 8 :Meise of tereain-vebicle

of the ml nhich in eu 71t ia aotien
thisd gear ac Ils 35 so 180, ,
where & value of an(A) m taken.

1. ® of ed 10»1 aolise reduction of the in-
48 e8disienal noise Mmstn of the vehicle is possible, but

cant no% only be achieved by a further reduction of the neise
of the engine, dut ssialy by workiag on other noise sources
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of the vehicle.

There are several possibilities for a reduction of the noise
level of the engine, above sll a reduction of the enagine upeed
end slterations of the external noise sources of the engine.
A complete encasging of the engine will hardly produce a re-
aarksble improvement, which is proved by the results of the
study / 9/. A real encesing of an enaine means that the cha-
racteristic lines of the engine remain constant at the begin-
ning and the end of the experiments. This is not the case in
most of the works reported. lostly other alterations are ad-
ditionally asde, only some of them shall be mentioned here.
These are:

- gpeed reductions

- the installment of an supercharged engine

- alterations of the external and internal noise

sources etc.

Superchargi means thet an engine with the aame output but
lower speed is installed. This has necessarily effects on the
noise level. Positive results of these alterations are com-
pletely attributed to the motor encesensnt. This is not foun-
ded on facts and has led to a wroag estimstion of the whole
situation of vehicleand to a deteraination of limiting velues
for the external noise of utility cars which in reslity can
not or only under sreatest efforts be achieved. It could espe-
cially be studied in the case of buses that the limiting va-
lues aimed at for the second half of the eighties could not
be kept. That is why they have again been incressed froa 80
dB(A) to 83 4B(A). Tt is said that the resson for it lies in
the influence of the transmission which cannot be eargued
straight sway. The studies /3,6/ have commented on this fact.
A aotor encasement produces no remarksdle reduction of noise
of the engine because all external noise sources of the engi-~
ne ressin unsltered and the noise level of the engine increa-
ses as 8 result of s higher operating teaperature snd a more
intengive performance of the coolini fsn. Moreover, a motor
encasement is the sost expensive solution and gives rise to 2
lot of other problems which have to be regarded. These are
ssinly aifficulties thet arise in repairing and the pronsness
of the coaplete cooling systea of the engine. The prodleas
would become ¢apescially spparent in series cars.

There sre opinions that state a fuel saving ss & positive re-
sult of & complete encssesent. But this is said undar wron
conditions. Trictionsl losses of the engine wonld de ke ow
by constant eperating teaperstures. This opinion cin onl
pextislly bold true the cold season and short drives with
freauent interruptions, whexess st s hi surrounding tem-
g:raeuro a nore intensive perforssnc¢e of the cocling fean cea
‘oxpected, The sube ittensive perforssnce of the cool fen
does not only sesen s higher noise level ut an increased 1
consuaption of the engine ss well. The disedvantages of a so-
tor encasesent are now recognised by other suthorities too.
This is shown by existing solutions where additional venti-
gla‘b are installed to protecs the engine fram overhesting.
egularly, the noise level of these vehicles had 30 De mea-
sured with open veantipanes. But in e norsal test the
will herdly heut up to a degree wherv the ventipenss dpen
sutomatioally, ‘ -

I8 {s known that a reduction of the fusl consumption cam be
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achieved ay ainimizing the value of resistance of the vehicle.
A lining of the lower varts of the enzine would prove useful.
But this result can as well be achieved without s motor en-
casement, if the front part of the vehicle is modelled with
more care than {t is now usual.

12. COnclusiogg

The inner noise of the etanding terrsin-vehicle T 11 at maxi-
fum engine speed has been reduced to 78,5 dB(A) and the exter-
nsl noise to adbout S0 4B(A). The values of the inner noise
renained in the aovi terrain-vehicle st maximua engine

speed in all gears below 80 dB(A). This noise level in a cadbin
of such a typs of vehicle is low,.

The externmal noise level of the passing vehicle was according
to IS0 85 dR(A). These values have been achieved on a vehicle
without a platfora by working on the external noise sources
of the engine snd by sasll elterations in the engine coapart-
aent. The alterations have not been carried out to the opti-
aua. By an sdditional improvement of the alterations, with a
platfora snd especislly by small alterations of the trans-
zission, s noise level of 82-83 dB(A) mizht be achieved at
the seme engine speed. But in this type of vehicle an additi-
onal noise reduction can only be echieved by reducing the in-
fluence of the trsnsaission and other noise sources. A com-
bustion e:gino encaseaent would hardly lead to an improvement
of the condition.
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